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A STUDY OF THE DISSOLUTION OF Zr-0 ALLOYS
IN HYDROFLUORIC ACID
The purpose of this Investigation was to ascertain and explain, 
if possible, the effect of oxygen in the metal on the kinetics and 
electrochemistry of the reaction of zirconium in hydrofluoric acid 
solutions. This entailed the determination of the effect of oxygen 
on the dissolution rates, activation energies, dissolution potentials, 
and difference effect for zirconium in hydrofluoric acid and hydro­
fluoric-hydrochloric acid mixtures.
The alpha-phase solid solutions of oxygen and zirconium were 
synthesized by the powder-metallurgy technique. Both the alloy 
analysis and dissolution rates were obtained by the gas evolution 
method according to the reaction:
ZrO^ + 4HF - ZrF4 + (2 - x)H2 + xHsO
The dissolution rates of the alloys were determined in a 
hydrofluoric acid range of 0.10 to 0.50 N and a temperature range of 
10 to 50“ C. It was found that: (1) the alloy-HF reaction rate 
decreases with Increasing oxygen content, (2) the reaction is first 
order with respect to the un-lonlzed HF concentration over the range 
studied and the reaction order is independent of oxygen content, and 
(3) the activation energy for the reaction increases as the oxygen 
content Increases (l.e., from 4.1 ± 0.1 kcal/mole for 1.52% b.w. 
oxygen to 5.2 ± 0.2 kcal/mole for 6.97% oxygen). Additions of hydro­
chloric acid caused the rates of dissolution of both zirconium and
the alloys in hydrofluoric acid to increase greatly whereas the order 
of the reaction and the activation energies were not altered.
The dissolution potentials of the alloys were determined in 
hydrofluoric acid solutions at 25® C. The initial potentials of the 
alloys were very near the initial potential of zirconium sheet metal.
The potentials rapidly became more noble with time reaching essentially 
constant values in 50 to 60 minutes. In general, the dissolution 
potential was more noble the higher the oxygen content. Additions of 
hydrochloric acid caused the potentials of both zirconium and the 
alloys to shift to more noble values whereas similar additions of 
potassium chloride caused shifts to less noble potentials.
Difference effect measurements on the alloys showed that: (1) 
anodic currents have a very strong influence on the dissolution 
reaction, (2 ) the difference effect is directly proportional to the 
current density and independent of the hydrofluoric acid concentration 
but the proportionality constant increases slightly with oxygen content, 
(3) hydrochloric acid additions result in an increase in the proportion­
ality constant which relates the difference effect to the current 
density, (4) there is no noticeable temperature dependency on the 
proportionality constant in the range 10 to 50® C, and (5) anodic 
currents cause a slight increase in the activation energy of the 
dissolution reaction.
The results of this investigation strongly suggested that the 
slow step in the dissolution process is the diffusion of un-ionized 
HF through effective diffusion layers to the metal surface. It was
shown that the experimental results could be correlated with the 
diffusion rate theory supplemented with Langmuirs adsorption theory.
A reaction mechanism for the dissolution process was proposed. 
It was postulated that oxygen in the metal does not effect the 
hypothesized mechanism; the free or unbound zirconium of the alloy 
matrix reacted as if there were no oxygen present.





the Faculty of the Graduate School 
University of Missouri
In Partial Fulfillment 
of the Requirements for the Degree 
Doctor of Philosophy
by
Wayne Gilbert Custead 
June 1962
ACKNOWLEDGEMENTS
The author wishes to thank Dr. W.J. James, Professor of 
Chemistry, and Dr, M.E. Straumanis, Research Professor of Metallurgy, 
for their assistance, support, and encouragement during the course 
of this investigation. He also wishes to thank Dr. W.J. Johnson, 
Assistant Professor of Chemical Engineering, for his invaluable 
assistance and permission to use his drawings.
Thanks are extended to Dr, Dudley Thompson, Chairman of the 
Department of Chemistry and Chemical Engineering, Missouri School of 
Mines and Metallurgy, for his aid In providing financial assistance.
The author is also grateful for the financial assistance 
received from the Board of Curators of the University of Missouri and 
the United States Atomic Energy Commission, (contract AT (11-1) - 73, 
Project 5), and to the Shell Fellowship Committee of the Shell 
Companies Foundation, Incorporated, for a Shell Fellowship, without 
which, this study would not have been possible.
I. INTRODUCTICW ...............................................  1
II. LITERATURE REVIEW ...........................................  3
III. EXPERIMENTAL.................................................
M a t e r i a l s .................................................  1^
Preparation of Zirconium-oxygen Al l o y s ................... 15
Mounting and Surface Preparation of S p e c i m e n s ............ 17
Dissolution Rates ......................................... 19
A p p a r a t u s ...............................................  19
P r o c e d u r e ...............................................  22
Data and results......................................... 22
Dissolution rates of Zr-0 alloys in
hydrofluoric acid solut;ions.......................  22
Effect of oxygen content on the temperature 
dependency of Zr-0 alloys reacting with
hydrofluoric acid ..................................  27
Actual dissolution rates of Zr-0 alloys in
hydrofluoric acid s o l u t i o n s .......................  32
Effect of additives on the dissolution rate of
zirconium sheet metal in hydrofluoric a c i d ........  38
Effect of temperature on the dissolution rates 
of Zr and Zr-0 alloys in hydrofluoric-hydro­
chloric acid m i x t u r e s .............................. 41
TABLE OF CONTENTS
CHAPTER page
Sample calculations ....................................  43
Calculation of the hydrogen evolution rates ........  43
Actual dissolution rates .............................  47
Calculation of activation energies ................... 48
Dissolution Potentials ....................................  48
A p p a r a t u s ............................................... 48
P r o c e d u r e ............................................... 50
Data and results........................................  51
Dissolution potentials of Zr-0 alloys in
hydrofluoric a c i d ..................................  51
Effect of additives on the dissolution potential of
zirconium sheet metal in hydrofluoric acid .......... 54
Dissolution potentials of Zr-0 alloys in a
hydrofluoric-hydrochloric acid mixture ............. 54
Sample calculations ....................................  61
Difference Effect ........................................  61
A p p a r a t u s ...............................................  63
P r o c e d u r e ...............................................  65
Data and results.............  65
Difference effect on Zr-0 alloys in
hydrofluoric a c i d ..................................  65
Difference effect on zirconium sheet metal in




Difference effect on zirconium sheet metal in
hydrofluoric acid-potassium chloride mixtures . . .  68
Difference effect on Zr-0 alloys in hydrofluoric-
1.00 N hydrochloric acid m i x t u r e s ................. 71
Temperature dependency of the difference effect on
zirconium sheet metal in hydrofluoric acid .......... 74
Sample calculations .................................... 78
IV. DISCUSSION ................................................  80
The Diffusion Rate Theory for Heterogeneous Reactions . . 80
Postulation of a Reaction M e c h a n i s m ..................... 84
Mechanism for the dissolution of pure zirconium . . . .  85
Mechanism for the dissolution of Zr-0 alloys..........  91
Correlation of Experimental Results with the
Diffusion Theory and Reaction Mechanism ..............  93
Dissolution rates ...................................... 94
Dissolution potentials .................................. 98
Difference effect .................................   101
V. RECOMMENDATIONS............................................  107
New method of alloy .^reparation.........................  107
New alloys................................................  107
Apparatus changes ........................................  108
VI. LIMITATIONS..........    110
Alloy analysis............................................  110
CHAfTTER PAGE
Vlt
Specimen a r e a ............................................ 110
Hydrodynamic disaimilarities .............................  Ill
VII. SUMMARY AND CONCLUSIONS...................................  113
BIBLIOGRAPHY .....................................................  119
APPENDIX A - Materials........................................... 125
APPENDIX B - Apparatus........................................... 127
APPENDIX C - Experimental Procedure .........................  130
Dissolution rates ..............................................  130
Dissolution potentials .......................................... 132
Difference effect .............................................  134
APPENDIX D - Experimental d a t a ...............................  137
APPENDIX E - Calculations ....................................... 162
Calculation of the Activation Energy ............................ 162
Calculation of K for the Difference Effect . ...................  168
VITA ............................................................. 169
CHAPTER PAGE
I. Hydrogen Evolution Rates for the Dissolution of Zr-0
Alloys in Hydrofluoric Acid Solutions at 30“ C . . . . . 24
II. Hydrogen Evolution Rates for the Dissolution 
Zr-0 Alloys in 0.20 N Hydrofluoric Acid at
Various Temperatures .................................... 29
III. Specific Reaction Rate C o n s t a n t s .........................  30
IV. The Effect of Oxygen Content on the Activation 
Energy for the Dissolution of Zr-0 Alloys in
0.2 N Hydrofluoric A c i d .................................. 33
V. Actual Dissolution Rates of Zr-0 Alloys in
Hydrofluoric Acid at 30“ C ..............................  34
VI. Actual Dissolution Rates of Zr-0 Alloys in 0.2 N
Hydrofluoric Acid at Various Temperatures...............  35
VII. The Effect of HCl and KCl Additions on the Dissolution 
Rate of Zirconium Sheet Metal in 0.20 N Hydrofluoric
Acid at 30“ C ........................................... 40
VIII. Hydrogen Evolution Rates for the Dissolution of 
Zr-0 Alloys in a 0.1 N HT-1.0 N HCl Acid Solu­
tion at Various T e m p e r a t u r e s ...........................  44
IX. The Effect of Oxygen Content on the Activation 
Energy for the Dissolution of Zr snd Zr-O
Alloys in 0.1 N HF-1.0 N HCl Acid Solutions ..........  45
LIST OF TABLES
TABLE PAGE
X. Dissolution Potentials of Zr and Zr-0 Alloys
in 0.1 N Hydrofluoric Acid at 25“ C ............
XI. Dissolution Potential of Zirconium in 0.1 N
Hydrofluoric Acid at 25“ C with Various Con­
centrations of Hydrochloric Acid Present ........
XII. Dissolution Potential of Zirconium in 0.1 N
Hydrofluoric Acid at 25* C with Various Con­
centrations of Potassium Chloride Present ........
XIII. Dissolution Potentials of Zr and Zr-0 Alloys in
0.1 N HF-1.0 N HCl Acid Solutions at 25“ C . . . ,
XIV. Difference Effect for the Dissolution of Zr-0 Alloys
in Hydrofluoric Acid Solutions at 25“ C ........
XV. The Effect of Hydrochloric Acid on the Difference 
Effect for the Dissolution of Zirconium in 
0.25 N Hydrofluoric Acid at 25* C . . . . . . . .
XVI. The Effect of Potassium Chloride on the Difference 
Effect for the Dissolution of Zirconium in
0.25 N Hydrofluoric Acid at 25“ C ..............
XVII. Difference Effect for the Dissolution of Zr-0 Alloys
in HF-1.0 N HCl Acid Solutions at 25“ C ..........
XVIII. Temperature Dependency of the Difference Effect

















Activation Energy for the Dissolution of Zirconium 
Sheet Metal in 0.25 N Hydrofluoric Acid During
Anodic Polarization ....................................  76
XX. Example Data Sheet for the Dissolution Rate Study . . . .  137
XXI. Difference Effect on the 4.047. Oxygen Alloy Dissolving
in 0.25 N Hydrofluoric Acid at 25* C ................... 138
XXII. Difference Effect on the Zr-0 Alloys Dissolving
in 0.25 N Hydrofluoric Acid at 25* C ................. 139
XXIII. Difference Effect on the Zr-0 Alloys Dissolving
in 0.50 N Hydrofluoric Acid at 25* C ................. 140
XXIV. Difference Effect on the Zr-0 Alloys Dissolving
in 0.75 N Hydrofluoric Acid at 25* C ................. 141
XXV. Difference Effect on Zirconium Dissolving in 
0.25 N Hydrofluoric-Dilute Hydrochloric
Acid Mixtures at 25* C ................................  143
XXVI. Difference Effect on Zirconium Dissolving in
0.25 N Hydrofluoric-Concentrated Hydrochloric
Acid Mixtures at 25* C ................................  145
XXVIl. Difference Effect on Zirconium Dissolving in 
0.25 N Hydrofluoric-Potassium Chloride
Solutions at 25* C ....................................  147
XXVIII. Difference Effect on the Zr-0 Alloys Dissolving in





Difference Effect on the Zr-0 Alloys Dissolving in
0.50 N HF-1.00 N HCl Acid Mixtures at 25* C ..........  150
XXX. Difference Effect on the Zr-0 Alloys Dissolving in
0.75 N HF-1.00 N HCl Acid Mixtures at 25* C ..........  151
XXXI. Difference Effect on Zirconium Dissolving in
0.25 N Hydrofluoric Acid at 10* C ..................... 152
XXXIl. Difference Effect on Zirconium Dissolving in
0.25 N Hydrofluoric Acid at 20* C ..................... 154
XXXIII. Difference Effect on Zirconium Dissolving in
0.25 N Hydrofluoric Acid at 30* C ..................... 156
XXXIV. Difference Effect on Zirconium Dissolving in
0.25 N Hydrofluoric Acid at 40* C ..................... 158
XXXV. Difference Effect on Zirconium Dissolving in
0.25 N Hydrofluoric Acid at 50* C ..................... 160
XXXVI. Reaction Rate Constants for the Dissolution of
Zr-0 Alloys in 0.20 N Hydrofluoric A c i d ..............  165
XXXVII. Reaction Rate Constants for the Dissolution of 
Zr-0 Alloys in 0.10 N Hydrofluoric-1.00 N
Hydrochloric Acid Mixtures ...........................  166
XXXVIII. Calculations of the Activation Energies by the
Method of Least Squares ...............................  167
1. Sample Mounted on Polyvinyl Chloride Stirrer Foot
for the Dissolution Rate S t u d i e s ......................... 18
2. Electrode for Dissolution Potential and Difference
Effect Studies ............................................ 20
3. Diagram of the Apparatus Used for Measurement of
Dissolution Rates .......................................... 21
4. Effect of Oxygen Content and Hydrofluoric Acid Normality
on the Dissolution Rates of Zr-0 Alloys at 30* C ........  25
5. Dissolution Rates of Zr-0 Alloys as a Function of
the Molecular HF S p e c i e s .................................  26
6 . Determination of the Order of Reaction for the Dissolution
of Zr-0 Alloys in Hydrofluoric Acid Solutions............  28
7. Arrhenius Plots for the Dissolution of Zr-0 Alloys
in 0.2 N Hydrofluoric A c i d ...............................  31
8 . Effect of Oxygen Content on the Actual Dissolution Rates
of Zr-0 Alloys in Hydrofluoric Acid Solutions at 30* C . . 36
9. Effect of Oxygen Content on the Actual Dissolution Rates
of Zr-0 Alloys in 0.2 N HF at Various Temperatures . . . .  37
10. Determination of the Reaction Order from the Extrapolated
Values of the Rates at a 0/Zr Ratio of 0.00 ............  39
11. Determination of the Activation Energy from the Extrapo­
lated Values of the Rates at a 0 /Zr Ratio of 0.00 . . . .  39
LIST OF FIGURES
FIGURE PAGE
12. Dissolution Rates of Zirconium Sheet Metal in HF Acid
and HF-1.00 N HCl Acid Mixtures at 30“ C ................. 42
13. Diagram of Apparatus Used for Measurement of
Dissolution Potentials .................................... 49
14. Effect of Oxygen Content on the Dissolution Potentials
of Zr-0 Alloys in 0.1 Hydrofluoric Acid at 25“ C ........  53
15. Effect of Hydrochloric Acid on the Dissolution
Potential of Zirconium Sheet Metal in 0.1 N
Hydrofluoric Acid at 25“ C ................................  57
16. Effect of Potassium Chloride on the Dissolution
Potential of Zirconium Sheet Metal in 0.1 N
Hydrofluoric Acid at 25" C ................................  58
17. Effect of Oxygen Content on the Dissolution Potentials
of Zr-0 Alloys in 0.1 N HF-1.00 N HCl at 25“ C ..........  60
18. Diagram of the Apparatus Used for Measurement
of the Difference E f f e c t .................................. 64
19. Effect of Current Density on the Difference Effect
for the 5.13% Oxygen Zr-0 Alloy In Hydrofluoric
Acid Solutions at 25* C . . ................................  67
20. Effect of Current Density on the Difference Effect for Zir­
conium Sheet Metal in 0.25 N HF-KCl Solutions at 25* C . . 72
21. Effect of Anodic Polarization on the Activation Energy
for the Dissolution of Zirconium Sheet Metal in





Zirconium and its chemical twin hafnium have, in the past decade,
become increasingly Important in applications pertaining to the atomic
energy program. The low thermal-neutron absorption cross section of
zirconium has led to its use as a structural material for nuclear
reactors, whereas the high absorption cross section of hafnium has
led to its application as a reactor-control material. In addition to
these and other desirable physical properties, both metals exhibit
an outstanding corrosion resistance to a wide variety of highly
corrosive reactants. The almost Insatiable initial demand for high
purity zirconium in the field of atomic energy led to rapid increases
in the production rate of this comparatively new metal. Zirconium is
now available in commercial quantities and is being found both useful
and economical in many phases of chemical processing.
Zirconium exhibits excellent resistance to all mineral acids
with the exceptions of hydrofluoric, concentrated sulfuric, and
phosphoric acids, and aqua regia. It is almost coi^pletely resistant
to strong alkaline solutions, fused caustics, organic acids, and most
(2 3)Inorganic chloride solutions.' * Small amounts (one per cent) of
such impurities as oxygen, nitrogen, and carbon will decrease the
(4)corrosion resistance of zirconium in most media.'
The rate of corrosion of zirconium in hydrofluoric acid is 
greater than in any other acid. The zirconium-hydrofluoric acid
system has been studied by several investigators^^’^ ’^ ’®’^^ and there 
is general agreement that the dissolution rate is directly proportional 
to the concentration of the molecular (un-ionized) HF species. These 
studies have also indicated that the rate controlling step of the 
dissolution pi;'ocess is most likely the diffusion of molecular HF to 
the metal surface. The nature of the effective diffusion layer is 
still open to question. It has been postulated that the corrosion
resistance of zirconium is due to the tenacious oxide film present on 
the metal surface and that only those reactants that react with or 
penetrate this film will corrode the metal.
The purpose of this investigation was to ascertain and to explain, 
if possible, the effect of oxygen in the metal on the kinetics and 
electrochemistry of zirconium dissolution in hydrofluoric and 
hydrofluoric-hydrochloric acid mixtures. This entailed the synthesis 
and analysis of alpha-phase solid solutions of oxygen and zirconium.
The investigation dealt specifically with the effect of oxygen on:
(1) the dissolution rates, (2) the activation energy of the dissolution 
reaction, (3) the dissolution potentials, and (4) the difference effect.
CHAPTER II
LITERATURE REVIEW
The dissolution of zirconium in hydrofluoric acid has been 
studied from both the chemical and electrochemical aspects. A 
brief summary of the results of these studies will be presented 
here to provide a comparison for the effect of oxygen in the metal 
on the dissolution process. For the same purpose, and due to the 
chemical similarities of zirconium and hafnium, the results of the 
studies on the dissolution of hafnium in hydrofluoric acid are also 
given.
Baumrucker was the first to undertake a quantitative study of 
the dissolution of zirconium in hydrofluoric acid.^^^ Both pure 
crystal bar and magnesium-reduced zirconium were dissolved in five 
per cent by volume hydrofluoric acid. Tests were made at various 
temperatures and with various solution volumes. The weight loss 
and decrease in thickness of the zirconium samples with time were 
used to follow the reaction rate. These studies showed: (1) The 
rate of dissolution decreased with Increasing time even when fresh 
acid was continually added and the solution agitated, (2) the rate 
increased with increasing temperature and the activation energy of 
the reaction was approximately 4 . 2  kcal/mole, and (3) that differences 
in metal structure have an effect on the reaction rate.
Smith and Hill Investigated the kinetics of the dissolution of
hafnium-free zirconium in aqueous hydrofluoric acid solutions (8)
Radioactive Zr was used and a scintillometer employed to measure 
the build up of zirconium ions in solution. The results of these 
studies were: (1) the rate of dissolution was dependent on the 
velocity of the solution past the zirconium sample, (2) small 
additions of H'*', NOa, Cl", K+, CIO4 , F" and HFi ions had little 
effect on the rate for a given un-ionized HF concentration, (3) the 
rate of dissolution was directly proportional to the un-ionized HF 
concentration, (4) the rate was independent of the concentration of 
oxygen gas in the reacting solution, (5) the activation energy was 
calculated as 3.34 kcal/mole for the temperature range 6 to 78.0“ C 
in hydrofluoric-hydrochloric acid mixtures (0.005 to 1.00 M HF, 0.5 
to 1.5 M HCl), and (6) the slow step of the reaction was concluded 
to be the diffusion of un-ionized HF through an effective diffusion 
layer to the metal surface.
Vander Wall and Whltener extended the work of Smith and Hill
and studied the kinetics in more concentrated mixtures of hydrofluoric 
(9)and nitric acids. The apparatus used for this study was similar 
to that used by Smith and Hill. The rates of dissolutions from 40 
to 60 C were determined by measuring the build up of Zr ions in 
solution whereas the rates at 115“ C were determined by weight loss. 
The dissolution rates were determined at 40, 50, 60, and 115“ C in 
hydrofluoric acid concentrations from 0.10 to 1.5 M and with nitric 
acid concentrations up to 13 M. This investigation yielded the 
following results: (1) the rate of dissolution of zirconium in 
0.5 M HF at 40.5“ C was not greatly affected by nitric acid
9 5
concentrations ranging from zero to 13 M, (2) the rate of dissolution 
in hydrofluoric-nitric acid mixtures was first order with respect to 
the hydrofluoric acid concentration, (3) the molecular HF species was 
necessary for dissolution, rather than F“, H"*", or N05, (4) the principle 
off-gases, when 13 M nitric acid was used, were oxides of nitrogen 
(mainly NOa ®nd NO) with approximately one per cent hydrogen, and (5) 
the activation energy for the dissolution reaction in the nitric- 
hydrofluoric acid system was found to be 6.4 kcal/mole. This was for 
the temperature range of 40 -113“ C and was an average value in 0.10, 
0.25, 0.50, 0.75, and 1.0 N hydrofluoric acid all with 13 M nitric 
acid. Additional data at 115“ C, obtained at a later date, increased 
the value of the activation energy to 7.5 kcal/mole.
Straumanis, James, and Neiman studied the rates of dissolution 
and passivation of hafnium-free zirconium in hydrofluoric acid.^^^^
The rate of dissolution was followed indirectly by measuring the 
rate of hydrogen evolution. The actual rate of dissolution was 
calculated using the stoichiometry of the equation for the reaction 
of zirconium with hydrofluoric acid established by Straumanis and
The reaction was found to be first order with respect to the 
un-ionized HF in the hydrofluoric acid range of 0.01 to 0.5 N. The 
results of this investigation differed somewhat from the quantitative 
studies made by Smith and Hill, and Vander Wall and Whltener. The 
formation of a black tenacious film was always observed when zirconium 
dissolved in low concentrations of hydrofluoric acid whereas bright
shiny surfaces were reported'" ’ ' in the studies with nitric-hydro­
fluoric acid mixtures. The black film was tentatively identified by
(13)x-ray diffraction as being ZrHg. Baumrucker also used pure hydro­
fluoric acid and observed this film which he described as being a loose 
black smut.^^^ However, he used a much higher concentration of acid 
(2.5 N HF) and the high rate of hydrogen evolution may have lessened 
the adherence of the black film.
No gas evolution was observed when wet samples of zirconium with
the black film were placed in various concentrations of nitric acid.
However, when hydrofluoric acid was added, gas evolution started with
simultaneous breakdown of the black film as spon as the HF concentration
reached approximately 0.1 N. The gas evolution soon decreased with
the phenomena occuring more rapidly in the higher concentrations
(14)of nitric acid. The formations of a very shiny surface accompanied 
this passivation. These tests were qualitative and no attempt was 
made to determine the dissolution rates in HF-HNO3 mixtures.
The effect of fluoride additions on the rate of dissolution was 
studied. Certain amounts of NaF, KF, and NH4F were added to 0.1 N H^ 
at 25“ C. The common feature of all three salt additions was that the 
rate of dissolution Increased with small additions then decreased 
abruptly as soon as a certain concentration of salt ip the acid was 
reached. The concentration of fluorides causing passivation varied 
directly as the cation size: 3 M for NH4F, 0.5 M for KF, and 0.1 M 
for NaF. Complete passivation was obtained only with NaF additions.
Salt film formation on the zirconium surface was observed at the
C8 9)
respective passivating concentrations of fluoride additions. These 
films were identified as fluozirconates by x-ray diffraction.
The dissolution potentials were measured for zirconium dissolving 
in various concentrations of hydrofluoric acid (0.005-0.5 N HF). It 
was found that the potential of zirconium just after immersion quickly 
became more noble with only a gradual change to more noble potentials 
as the reaction proceeded. The dissolution potential was found to 
become less noble as the acid concentration was Increased. This change 
in potential was generally uniform with the least noble potential being 
obtained in the highest concentration (1.5 N) and the most noble in the 
lowest concentration (0.005 N).
The effects of fluoride additions on the dissolution potential of 
zirconium in 0.1 N hydrofluoric acid were also investigated. After the 
potential became relatively constant, a predetermined amount of NH4F, 
KF, or NaF was added to the solution. The general trend was that just 
after the salt addition the potential of Zr dropped rapidly to less 
noble values followed by a gradual change to more noble potentials.
The results of both the rate and potential measurements were correlated 
and explained in terms of breakdown or build up of various films on 
the surface of the reacting metal.
James, Custead and Straumanis investigated both the chemical 
kinetics and the electrochemical behavior of zirconium in hydrofluoric 
acid.^^^’^^^ Tl)e rate studies were accomplished by a method similar 
to that employed by Straumanis, et al.^^^^ The dissolution of 
zirconium in hydrofluoric acid was studied at 30, 40, 50, and 60* C in
7
seven different acid concentrations (0,001 to 0.25 N). In addition, 
tests were made at 30“ C in HF concentrations up to 3.0 N with 
various concentrations of hydrochloric acid. The reaction was found 
to be first order with respect to the un-ionized HF only up to 
approximately 0.5 N HF. The plot of log rate versus log 
became exponential above 0.5 N HF indicating that the reaction no 
longer followed first order kinetics at higher acid concentrations. 
Attempts to explain this phenomena in terms of either other ionic 
species or heat effects were not successful. The addition of HCl 
to the HF Increased the rate of dissolution in excess of that which 
could be attributed to equilibrium shifts (due to the common ion 
effect) but did not change the order of the reaction with respect
to (HF)^^. The activation energy of the dissolution reaction in
pure hydrofluoric acid (0.01-0.25 N) was calculated to be 3.8 
kcal/mole for the temperature range of 30-60* C.
The effect of noble metal salt additions on the rate of
dissolution was studied in 0.5 N HF at 25* C. Small amounts of
PtCl4 , AuCla, and AgN0 3 (to give 0.001 M solutions) were added to the 
hydrofluoric acid after the initial dissolution rate in the pure acid 
had become constant. All three additions produced similar results.
The dissolution rate increased slightly Immediately after the additions 
and then decreased rapidly indicating passivation of the zirconium.
At the termination of the tests, films were found on the zirconium 
surface and identified by x-rays as the respective noble metals. In 
all three cases, the zirconium surface under the loose deposits was
bright, shiny, and heavily pitted, unlike that observed after tests 
in pure acid. The initial rate increase was explained as being a 
result of increased cathodic areas in local cells (as postulated in 
electrochemical dissolutions). The subsequent decrease in reaction 
rate was attributed to the covering of the zirconium by the recon­
stituted metals, thus reducing the surface area available for reaction.
The effect of small additions of PtCl4 > AgNOa, and AuCla on the 
dissolution potential of zirconium in 0.1 N HF at 25® C was investigated. 
It was found that the potential shifted considerably toward more noble 
values immediately after the addition of th^ salts and remained noble 
as long as there were noble metal ions in solution. A loose deposit 
of reconstituted noble metal and a shiny zirconium surface was 
observed in all three tests. It was concluded that there was a 
definite parallelism between potential and rate measurements with 
respect to the effect of noble metal salt additions.
The effect of anodic polarization on the dissolution potential 
of zirconium in hydrofluoric acid was studied in various concentrations 
and at various current densities. It was found that the dissolution 
potential becamiB less noble as the concentration increased and that 
for a given acid concentration the potential became more noble with 
increasing current density. The effect of current density on the shift 
in potential was more pronounced at lower concentrations.
The effect of anodic currents on the rate of dissolution was 
also investigated. The difference effect, A, was calculated in various 
hydrofluoric acid concentrations. It was found to be independent of
10
acid concentration and directly proportional to the current density, 
i.e.:
A  = K I ( 1)
The proportionally constant, K, was found to have an average value
3  1.  “ 3.of 8.6 ± 0.7 mm .ma" .min . This meant that the rate of self- 
dissolution of zirconium was reduced by 8.6 mm by each milliampere- 
minute flowing anodically through the Zr electrode. Thus, it was 
found that an anodic current strongly passivates the Zr electrode and 
it was concluded that any means which cause such currents should in 
turn cause passivation.
James, Johnson, and Straumanis have investigated the rates of 
dissolution of hafnium in hydrofluoric acid ancj hydrofluoric-hydro- 
chloric acid m i x t u r e s . A s  might be expected, the results of this 
investigation were almost identical to those of similar studies with 
zirconium. The rates of dissolution in hydrofluoric acid (0.05 to 
1.00 N) were determined by the hydrogen evolution method and employed
the stoichiometry of the equation:. ( 12)
Hf + 4HT - HfF4 + 2H2 (2)
The reaction was found to follow a first order rate law over the 
entire concentration range studied. The rate of dissolution was 
dependent only upon the concentration of molecular HF. Small additions 
of Na+j K"*", F", H’*', N05, Br", Cl", and CsHgOf^ ions had no appreciable 
effect qn the r«te whereas small additions of Cr20?^, MnOi, and BIOS 
caused a decrease. Small additions of noble metal salts resulted in
the reconstitution of the noble metals and passivation of the 
hafnium surface. Large additions of alkali fluorides caused 
increases in the rate of dissolution up to critical concentrations 
whereupon passivation occured. The effectiveness of these fluorides 
in causing passivation increased in the order NH4, K"*”, Na“*“ with complete 
passivation occuring only with NaF (about 0.3 N NaF in 0.3 N HF). The 
passivation was attributed to the complex salts observed on the metal 
surface and identified as fluohafnates.
The effect of temperature on the dissolution of hafnium in both 
hydrofluoric ^cid and hydrofluo?:ic-l.00 N hydrochloric acid mixtures 
was studied at 10, 20, 30, 40, and 50® C. An activation energy of 
5.3 kcal/mole was calculated from Arrhenius plots. The presence of 
hydrochloric acid had no noticeable effect on the activation energy.
As a result; of this small activation energy, the first order kinetics, 
and the variation of rate with stirring speed, it was suggested that 
the process was diffusionally controlled. The diffusion of molecular 
HF through protective layers (possibly pxide) to the metal surface was 
postulated as a possible mechanism for the dissolution process.
Johnson Investigated the electrochemical behavior of hafnium 
dissolving in hydrofluoric acid and hydrofluoric-hydrochloric acid 
mixtures. The dissolution potential for hafnium in various 
concentrations of hydrofluoric acid (P.05 to 0.50 N HF) was found to 
become less noble as the concentration was increased.
The effect of additions of fluoride salts, noble metal salt8| 
oxidizing agents, and mineral acids, on the dissolution potential of
11
hafnium in 0.30 N HF at 25* C was as follows: (1) passivating 
concentrations of fluoride salts caused the potential to become less 
noble, (2) small additions (0.005 N) of platinum and gold chlorides 
tended to make the potential more noble whereas a similar addition of 
silver nitrate had no appreciable effect on the potential, (3) small 
additions of KMn04 and KaCrsOy made the potential slightly less noble 
whereas a similar addition of NaBiOs shifted the potential to a more 
noble value, and (4) hydrochloric acid additions (0 to 2 N) tended to 
make the potential more noble whereas additions of sulfuric and 
phosphoric (0.10 N) had no noticeable effect.
The effect of current density on the dissolution potentials of 
hafnium in 0.1, 0.2, and 0.3 N hydrofluoric acid solutions at 25* C 
was determined. It was found that the potentials bepame more noble 
with increasing current density. The shifts in potentials were directly 
proportional to the current density for a given concentration end the 
shift was more pronounced in the more dilute aclfls.
The effect of anodic currents on the rates was studied by 
measuring the difference effect on hafnfum in a series of HF concen­
trations in hydrofluorlc-1.00 N hydrochloric acid mixtures and at 
vaflous current densities. The difference effect was found to be 
directly proportional to the current density and independent of the 
hydrofluoric acid concentration. The proportionality constant K of 
equation 1, page 10, was calculated to be 10.0 ± 0.3 mm®*ma"^.mln"^.
It was concluded that anodic currents have a very strong polarizing 
Influence on the dissolution process.
12
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:(18)Straumanis, James, and Ratliff' ' have investigated the rates 
of dissolution of titanium and the alpha solid solutions of oxygen 
and titanium in hydrofluoric acid. Although titanium is a member of 
the same periodic family (IV B) as zirconium and hafnium, it does not 
possess the degree of chemical similarity which exists between the 
latter two. This is evidenced by the fact that titanium has a 
relatively stable oxidation state of three in addition to the normal 
tetravalent state associated with members of the IV B family. The 
investigators in this study took special precautions to preserve the 
trlvalent state of the titanium ions. Accordingly, the gas evolution 
method used for following the rate of dissolution of the metal employed 
the stoichiometry of the equation:
Ti + 3HF -♦ TiFa + 1.5 Hg
and for the Ti-0 alloys the equation:
TiO^ + 3HF - TlFa + xH20 + 0.5 (3 - 2x) Ha
(3)
(4)
Rate studies were made on both titanium metal and Tl-0 alloys in 
0.05 to 0.5 N hydrofluoric-1.00 N hydrochloric acid mixtures over a 
temperature range of 15 to 45* C. For titanium a rate order of 0.76 
(wltb respect tp the molecular HF concentration) and an activation 
energy of 6.9 ± 0.5 kcal/mole was found and for the Tl-0 a^oys a 
rate order of 0.83 and an activation energy of 6.6 ± 0.5 kcal/mole.
The oxygen content of the Ti-0 alloys, in the range studied, had no 
appreciable effect on the rate of hydrogen evolution per unit area for 
a given temperature. It was concluded that a diffusionally controlled 
reaction best explained the results.
CHAPTER III
EXPERIMENTAL
The plan of experimentation pursued in this investigation may be 
divided into three basic sections. Dissolution Rates; This section 
includes the effect of oxygen concentration, acid media, temperature, 
and various additives upon the rates of dissolution of Zr-0 alloys. 
Dissolution Potentials; The effect of oxygen concentration on the 
dissolution potentials of Zr-0 alloys as well as the effect of additives 
to the acid media on the potentials of zirconium sheet metal are 
Included in this section. Difference Effect; This section concerns 
the effect of oxygen concentration, temperature, and various additives 
on the dissolution of Zr-0 alloys during anodic polarization.
A complete discussion of each section, including apparatus, 
procedure, results, and sample calculations Is presented In this 
chapter.
I. MATERIALS
The rate of dissolution of a metal in an acid is Influenced by 
a number of factors, among which purity of both the metal and the acid 
media is Important. Therefore, a complete list of the materials and 
reagents used in this investigation has been included In Appendix A, 
pages 125 to 127.
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II. PREPARATION OF ZIRCONIUM-OXYGEN ALLOYS
The alpha solid solution region of the Zr-0 phase diagram occupies
the compositional range of zero to approximately seven per cent by
(19)weight oxygen at room temperature.^ Only alloys in the alpha phase 
were prepared in order to eliminate any inconsistencies which might 
arise as a result of two phase formation. The highest oxygen content 
used in this investigation was analyzed as 7.017. and microscopic 
examination revealed only one phase.
Initial attempts to prepare ZrO^ samples by heating the sheet 
metal to high temperatures in vacuum and introducing oxygen were 
unsuccessful. It was originally hoped that if this process was carried 
out slowly, and at high temperatures, that homogeneous specimens qould 
be prepared. The specimens obtained, however, were covered with Zr02 
and the oxygen content decreased with sample 4epth.
The Zr-0 alloys, therefore, were prepared by sintering zirconium 
powder with zirconium oxide. The zirconium powder (-65 mesh) was 
washed in acetone and dried in vacuum at 80® C for 24 hours, As the 
vacuum prepared powder was pyrophoric, the mixing was accomplished 
with a porcelain mortar and pestle in an argon atmosphere. The mixture 
was then compacted in a punch and die assembly at 100,000 psi. Three 
samples, each weighing 2.00 gm§, were pressed for each oxygen 
composition. This was done so that after sintering one sample could 
be used for analysis, one for kinetic studies, and one for electro­
chemical measurements.
The compacted samples were then put into an alundum crucible 
and introduced into the reaction tube of a vacuum resistance furnace.
The system was then evacuated to ten microns. The furnace was heated at 
this pressure to 250® C and held at this level for one hour to allow 
for fufther drying and removal of volatile matter. Following this 
preliminary period, the furnace was heated and maintained at 1400^ C 
at a pressure of two microns for one hour. After this sintering 
process the reaction tube was sealed and quenched in air.
The thin, light-gray, oxide films on the surfaces of the sintered 
samples were removed by light grinding followel by etching in 1.00 
normal hydrofluoric acid. The etched samples appeared to be thoroughly 
sintered and possessed a metallic lyster. Microscopic examination 
Indicated the specimens tp be homogeneous. The sintered specimen used 
for analysis was crushed, ground, and analyzed by the hydrogen evolution 
method.
The loweet oxygen content whicln could be obtained was 2.96% b.w.
oxygen. These samples were made by pressing and sintering the Zr-
powder with no ZrOa added. The Zr-powder contained 1.71% oxygen and
picked up an additional 1.257. on sintering. To obtain a sample with
as low an oxygen content as possible, pure zlrconlvim hydride was
pressed and sintered. This compound decomposes to zirconium and hydrogen
( 21)at red heat qnd to Insure complete removal of hydrogen, the pressed 
powder was sintered at 1400“ C and two microns pressure for four hours. 
Analysis showed the sample to contain 1.52% oxygen.
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III. MOUNTING AND SURFACE PREPARATION OF SPECIMENS
The cylindrical pun,h and die assembly compacts the powder into 
a disk shaped pellet with an area of 1.50 cm^ for each parallel face.
The shrinkage of the pellets which occurs during sintering alters this 
area considerably. No attempt was made to size the sintered pellets 
and the surface area of each specimen was determined from the dimensions 
measured with calipers. The Zr sheet metal samples, however, were 
sized to 1.00 cm^ area for the kinetics study and 4.00 cm^ area for 
the electrochemical studies.
All of the specimens (both sintered and the sheet metal) were 
mounted In Incite with a centermet press so that the flat surface of 
predetermined area was exposed, "irhe surface was prepared by grinding 
with a belt surfacer equipped with a No. 150 grit abrasive cloth.
Final finish of the surface was accomplished with a water-flushed 
four-stage hand grinder equipped with number 240, 320, 400, and 600 
abrasive strips. This was followed by etching In 1.0 N hydrofluoric 
acid to remove the thin layer of distorted metal resulting from the 
grinding operation.
The specimens used in the rate and kinetics studies were trimmed 
to remove excess Incite leaving approximately one-eighth Inch of Incite 
pn all unexposed faces. Figure 1, page 18, shows a specimen mounted In 
Incite and attached to the stirrer foot of the apparatus used for all 
rate measurements.
The specimens used In the electro9hemlcal studies were made Into 











Figure 1. Sample mounted on polyvinyl chloride stirrer 
foot for dissolution rate studies.
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lucite on the back and top so that holes could be drilled in order to 
attach a wire lead and glass-tube holder. The finished electrode is 
shown In Figure 2, Page 20. The purpose of the wooden plug was to 
Insure electrical contact between the sample and wire lead. After 
checking the connection with a voltmeter and dry cell battery, the 
electrode was sealed with wax.
IV. DISSOLUTKW RATES
Apparatus
The diagram of the apparatus used for this part of the Investi­
gation Is shown In Figure 3, page 21. It consisted of a reaction vessel 
for the hydrofluoric acid solution, a shaft for rotating the zirconium 
sample, a gas burette, and a constant temperature water bath. A 
complete description of the Individual components Is located In 
Appendix B, pages 127 to 130.
The zirconium sample (G) was mounted on a polyvinyl chloride foot 
(F) fitted to the end of the rotating shaft. The foot was so made that 
the sample was fixed at an angle of 45* to the plane of rotation. At 
the upper end of the shaft, an aluminum pulley (1) was attached to hold 
a drive belt to rotate the shaft. Since the shaft rotated In a mercury 
seal (H), leakage of hydrogen was prevented.
The reaction vessel was a 500 ml, wax-lined, 3-necked, boiling 
flask (^) fitted with a gas outlet connected to a gas burette (A) and 
a stopcock (J) serving as a vent to the atmosphere. With all connections 
In place and the valve closed, the vessel was gas-tight.
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Figure 2. Electrode for dissolution potential and difference 
effect studies.
A - Gas Burette H - Mercury Seal
B - Leveling Bulb I - Pulley for Rotating Stirrer
C - Water Bath Stirrer J - Stopcock
D - Thermometer K - Kniferblade Heater
E - 500 ml Waxed-lip^d Flask L - Mercury Thermoregulator
F - PVC Stirrer Foot M - Relay Switch
G - Sample N - 115 volt A.C. Source
Figure 3. Diagram of the apparatus used for measurement of 
dissolution rates.
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The hydrogen generated by the chemical reaction In the reaction 
vessel was collected In a 100 ml gas burette (A). As hydrogen dis­
placed water In the gas burette, a leveling bulb (B) was employed to 
keep the hydrogen at atmospheric pressure.
The temperature of the water bath was controlled by a mercury 
thermoregulator (L) on a 115 volt A.C. circuit (N). A relay (M), 
activated by the thermoregulator, controlled a knife-blade Immersion 
heater (K) which heated the bath. Copper colls containing cold water 
served to cool the bath when the bath temperature rose above the test 
value. The cold water flow was manually operated. The bath was main­
tained within 0.1* C of the pre-set test temperature.
Procedure
A detailed procedure for this part of the experimentation la given 
In Appendix C, pages 130 to 132. It should be mentioned here, however, 
that the velocity of the reacting media across the specimen surface 
Influences the dissolution rate.^^^ The effect of stirrer speed has 
been s t u d i e d a n d  the hydrogen evolution rate was found to be 
proportional to the stirrer speed. A stirrer speed of 200 revolutions 
per minute was used on all rate studies so that the results could be 
compared with earlier work made at this speed in similar equipment.
Data and Results
Dissolution rates of Zr-0 alloys in hydrofluoric acid solutions. 
Six specimens of the alpha solid solution, containing oxygen contents 
of 1.52, 3.03, 4.04, 5.13, 6.48, and 6.97X were used. Duplicate runs
were made on each sample in hydrofluoric acid concentrations of 0.10,
0.20, 0.35, and 0.50 N at 30® C. The average rates of dissolution, 
expressed in terms of the rate of hydrogen evolutiop, are given In 
Table 1, page 24. The effect of oxygen contenjt on the rates is apparent 
from the plots of rates versus HF normalities given In Figure 4, page 25. 
The rates decrease with increasing oxygen content for any given acid 
concentration.
The fact that hydrofluoric acid is only slightly Ionized (in the 
range 0.10 to 0.50 N) can be readily varlfied by comparing Figures 4 
and 5, pages 25 and 26. Changing the abscissae from normalities to 
molecular HF concentrations does not appreciably affect the plots. The 
straight lines of Flgyre 5 have slightly greater slopes and more nearly 
pass through the orlglp.
The reaction of zirconium sheet metal with hydrofluoric acid obeys 
first-order kinetics, with respect to the concentration of un-lonlzed 
HF, In acid coi^centratlons from 0.01 to 0.5 N 
Accordingly, the form o{ the rate expression la:
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dV/dt = k(HF)nun (5)
where.
dV/dt = hydrogen evolution rate, ml•pm"^.min"^
k s reaction rate constant
(HF) = un-ionized HF concentration, mols/llter un
n » 1 (the order of reaction)
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TABLE I
HYDROGEN EVOLUTION RATES FOI( THE DISSOLUTION OF Zr-0 ALLOYS IN 




Hydrogen Evolution Rate 
ml•cm ^ *mln ^
0.10 N HF 0.20 N HF 0.35 N HF 0.50 N HF
;.52 0.370 0.765 1.360 1.980
-0.432* -0.116* +0.134* +0.297*
3.03 0.346 0.709 1.275 1.832
-0.461* -0.149* +0.106* +0.263*
4.04 0.315 0.642 1.133 1.602
-0.502* -0.192* +0.054* +0.205*
5.13 0.291 0.614 1.052 1.518
-0.536* -0.212* +0.022* +0.181*
6.48 0.257 0.496 0.893 1.280
-0.590* -0.304* -0.054* +0.107*
6.97 0.221 0.458 0.812 1.172
-0.656* -0.339* -0.090* +0.069*
mol (HF) un 0.0887 0.180 0.316 0.452
liter -1.052* -0.745* -0.500* -0.345*
* Logarithm of the corresponding number.
0.1 0.2 0.3 0.4
Hydrofluoric Acid Concentration, Normalities
0.5
Figure 4. Effect of oxygen content and hydrofluoric acid 
normality or^ the dissolution rates of Zr-0 alloys at 30* C.
26
Figure 5. Dissolution rates of Zr-0 alloys as a function of 
the molecular HF species.
27
Logarithmic plots of the hydrogen evolution rates for the Zr-0 alloys
versus (HF) concentration were made to determine what effect the un
oxygen content had on the order of the reaction for the dissolution 
process. The data used to make these plots were taken from Table I, 
page 24. The plots are shown in Figure 6, page 28. The plots yielded 
straight lines with calculated slopes ranging randomly from 0.986 to 
1.03 indicating that the oxygen content does not affect the order of 
the reaction. The dissolution rates remain directly proportional to 
the un-lonlzed HF species.
Effect of oxygen content on the temperature dependency of Zr-0 
alloys reacting with hydrofluoric acid. The same six specimens used 
In the previous study were used here. Duplicate runs were made on 
each of the six samples at temperatures of 10, 20, 30, 40, and 50® C 
In 0.20 N HF acid. The dissolution rates, again expressed In terms 
of the hydrogen evolution rates, are given In Table II, page 29. Since 
the reaction order was found to be unity, and Independent of oxygen 
content, the specific reaction rate constants can be evaluated from 
equation (5), thus:
k dV/dt (H?) (6)un
The values of k used for the log k's listed in Table III, page 30, and 
for the Arrhenius plots (log k versus 1/T) of Figure 7, page 31, are 
'apparent' reaction rate constants. These were obtained by dividing 
the rates by 0.20, the normality of the hydrofluoric acid, and are 
not then the 'true' rate constants of equation 6. However, since (HF)un
-1.1 -0.9 -0.7 -0.5 -0.3
Log Molecular HF Concentration, mols-liter"^
Figure 6. Determination of the order of reaction for the 



































































































































































































































































































































































































































































































































































































































































































Figure 7. Arrhenius plots for the dissolution of Zr-0 alloys 
in 0.2 N hydrofluoric acid.
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is directly proportional to 0.20, the slopes (and hence activation 
energies) of the Arrhenius plots are not phanged (see sample calcu­
lations, page 48)
The slopes of the straight lines and the resulting activation 
energies were calculated by the method of least squares. The results 
of these calculations are given in Table IV, page 33. The value of the 
activation energy for the sheet metal is also given for comparison.
The consistent, although slight increase of the activation energy 
with oxygen content indicates that the change may be real.
Actual dissolution rates of Zr-0 alloys in hydrofluoric acid 
solutions. The stoichiometry for the dissolution of Zr-0 alloys has 
been f o r m u l a t e d a s :
ZrO + 4HF -* ZrF + xH 0 + (2 - x) HX 4 a '  2 (7)
The actual dissolution rate (in mg Zr0^«cm ^•min’*^ ) pan be calculated 
using this equation and having a knowledge of both the rate of hydrogen 
evolution and the ZrO^ composition. The dissolution rates given in 
Tables V and VI, pages 34 and 35, were calculated in this manner using 
the data from Tables 1 and II, pages 24 and 29. The effect of oxygen 
content on the actual dissolution rates is clearly indicated in Figures 
8 and 9, pages 36 and 37. The dissolution rates decrease with 
increasing oxygen content with the effect becoming more pronounced 
as the oxygen content, temperature, and acid concentration increase.
The extrapolation of the plots in Figures 8 and 9 to a 0/Zr of 
0.00 leads to values for the rates of 0.80, 1.66> 2.95, and 4.33
33
THE EFFECT OF OXYGEN CONTENT ON THE ACTIVATION ENERGY FOR THE
TABLE IV
DISSOLUTION OF Zr-0 ALLOYS IN 0.2 N HYDROFLUORIC ACID
Oxygen Calculated Slopes Activation Energy*
% b.w. (from Arrhenius plots) kcal/mole
0.11
(sheet metal)
- 3.8 ± 0.2**
1.52 - 903.4 4.1 ± 0.1
3.03 - 918.4 4.2 + 0.1
4.04 - 992.8 4.5 ± 0.3
5.13 -1044.2 4.8 ± 0.3
6.48 -1045.6 4.8 ± 0.3
6.97 -1146.3 5.2 ± 0.2
* Calculated for 95% confidence interval.
** This value was taken from - Custead, W.G.; The Chemical Kinetics
of the Zlrconium-Hydrofluorlu Acid Reaction, p. 56, Unpublished M.Sc. 
Thesis, Library, Missouri School of Mines and Metallurgy, Rolla, Mo., 
(1959).
ACTUAL DISSOLUTION RATES OF Zr-0 ALLOYS 
IN HYDROFLUORIC ACID AT 30® C
TABLE V
34
Oxygen Formula Dissolution Rate, mg of ZrOx«cm"^.min"i
% b.w. 0.10 N HF 0.20 N HF 0.35 N HF 0.50 N HF
1.52 ^’^ °0.088 0.799 1.65 2.94 4.28
3.03 ^^^^0.178 0.796 1.63 2.93 4.21
4.04 ^^^^0.240 0.759 1.55 2.73 3.86
5.13 ^’^ °0.308 0.739 1.56 2.67 3.86
6.48 ^’^ °0.395 0.^97 1.34 2.42 3.47
6.97 0.615 1.27 2.26 3.26
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ACTUAL DISSOLUTION RATES OF Zr-0 ALLOYS IN 0.2 N
TABLE VI
HYDROFLUORIC ACID AT VARIOUS TEMPERATURES
Oxygen 
7o b.w.
Formula Dissolution Rate, mg of 
10“ C 20“ C 30“ C




1.52 ^’^ °0.088 1.02 1.31 1.65 2.05 2.53
3.03 0.991 1.29 1,63 2.03 2.51
4.04 ^’^ ®0.240 0.906 1.21 1.55 1.96 2.47
5.13 ^^^^0.308 0.897 1.20 1.56 2.05 2.55
6.48 ^’^ ®0.397 0.770 1.04 1.34 1.77 2,20
6.97 ^’^ ®0,427 0.670 0.929 1.27 1.68 2.19
36
Figure 8. Effect of oxygen content on the actual dissolution 
rates of Zr-0 alloys in hydrofluoric acid solutions at 30® C.
37
Figure 9. Effect of oxygen content on the actual dissolution 
rates of Zr-0 alloys in 0.2 N HF at various temperatures.
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mg.cm"^*min“  ^ for acid concentrations of 0.10, 0.20, 0.35, and 0.50 N
respectively and values of 1.03, 1.32, 1.66, 2,06, and 2.54 mg*cm"^.min”  ^
for the rates at 10, 20, 30, 40, and 50* C respectively. As a check 
on the data, these extrapolated values were used to determine the 
reaction order (Figure 10, page 39) and activation energy (Figure 11, 
page 39). The calculated values of 1.04 for the reaction order and 
4.1 ± 0.3 kcal/mole for the activation energy agree within the limits 
of error with the respective values obtained for the sheet metal.
Effect of additives on the dissolution rate of zirconium sheet 
metal in hydrofluoric acid. Smith and Hill' ' reported that for a 
given un-ionized HF concentration, the rate of dissolution of zirconium 
sheet metal was not affected by additions of HQl over a wide range of 
concentrations. Johnson^^^\ however, in his study on hafnium 
dissolution in hydrofluoric acid found that HCl additions greatly 
Increased the dissolution rate. In excess of that which could be 
attributed to the common ion effect, although the Hf-HF reaction 
remained first order with respect to (HF)^^. Due to the similarity 
In the chemical behavior of hafnium and zirconium, it was decided that 
a study should be made of the effect of HCjl and KCl additions on the 
rate of dissolution of zirconium In hydrofluoric acid.
The results are presented In Table VII, page 40. The acid 
concentration (0.20 N) and the temperature (30® C) were arbitrarily 
chosen. Additions of KCl (0.10 to 1.0 M) had little. If any, effect 
on the rate. The additions of HCl, however. Increased the rate
Figure XO. Determination of the reaction order from the 
extrapolated values of the rates at a 0/Zr ratio of 0,00.
Figure 11. Determination of the activation energy from the 
extrapolated values of the rates at a 0/Zr rat^o qf 0.00.
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THE EFFECT OF HCl AND KCl ADDITIONS ON THE DISSOLUTION RATE OF 
ZIRCONIUM SHEET METAL IN 0.20 N HYDROFLUORIC ACID AT 30* C
TABLE VII
Additive Concentration Hydrogen Evolution Rate 
mols.liter”  ^ ml.cm"^*min"^














considerably. The rate increased markedly with increasing hydro­
chloric acid concentrations up to 2.0 N HCl then remained essentially 
constant. The rate of dissolution increased by approximately fifty 
per cent when the 0.20 N HF was made 2.0 N with respect to HCl. This 
increase was much larger than the eleven per cent increase predicted 
as a result of the equilibrium shift in the ionization of hydrofluoric 
acid.
The effect of hydrochloric acid on the order of the rate equation 
was studied by using hydrofluoric acid concentrations of 0.10, 0.20, 
0.30, 0.40, and 0.50 N each 1.00 N with respect to HCl. The plot of 
dissolution rate vs 0 ^ ) ^ ^ concentration (Figure 12, page 42) yields 
a straight line passing through the origin indicating.
Rate » k(HF)^ un (8)
The reaction order was not, therefore, affected by the presence of 
1.00 N HCl.
Calculations showed that the hydrofluoric acid (made I.00 N with 
respect to hydrochloric acid) was essentially un-lonlzed. The concen­
trations of the (HF)^^ used In Figure 12 were taken as equal to the 
normalities of the hydrofluoric acid.
Effect of temperature on the dissolution rates of Zr and Zr-0 
alloys In hydrofluoric-1.00 N hydrochloric acid mixtures. The obser­
vation that hydrochloric acid Increases the rate of dissolution of 
zirconium In hydrofluoric acid, and yet does not alter the order or 
form of the rate law, suggested that It may be lowering the activation
42
Figure 12. Dissolution rates of zirconium sheet metal in 
HF acid and HF-1.00 N HCl acid mixtures at 30® C.
energy. Therefore, duplicate runs were made using zirconium sheet 
metal and 1.54, 2.96, 4.87, and 7.01X oxygen alloys in a 0.1 N 
HF-1.00 N HCl acid mixture at temperatures of 10, 20, 30, 40, and 
50® C. The dissolution rates, expressed in terms of the rate of 
hydrogen evolution, are given in Table VIII, page 44. These rates 
were used to calculate the specific reaction rate constants and the 
constants were in turn used to calculate the activation energies by 
the method of least squares. (See Appendix E, page 162). The 
results are given in Table IX, page 45. The activation energy 
increased with increasing oxygen content (as observed in pure hydro­
fluoric acid) and the HCl had no appreciable effect on the magnitudes 
of the activation energies (cf. Table IV, page 33).
The four Zr-0 alloys used in this study were made using a 
pressure of 14,000 psi in comparison to the previous six samples 
which were made at 100,000 psi. This may account for the somewhat 
inconsistent change of rate with oxygen content (at a given temperature) 
observed for this study. The fluctuations in rates, however, would 
not affect the activation energies and are mentioned only for 
clarification of the rate data.
Sample Calculations
43
Calculation of the hydrogen evolution rates. The data for these 
calculations were taken from the example data sheet given in Appendix D, 














































































































































































































































































































































































































































THE EFFECT OF OXYGEN CONTENT ON THE ACTIVATION ENERGY 
FOR THE DISSOLUTION OF Zr AND Zr-0 ALLOYS 










-917.3 4.2 ± 0.2
1.54 -877.2 4.0 ± 0.2
2.96 -901.7 4.1 ± 0.2
4.87 -1092.9 5.0 ± 0.2
7.01 -1298.8 5.9 ± 0.5
* Calculated for 95% confidence interval.
46
dV/dt » «*Vg^/(A dt) (9)
where.
.-1dV/dt *= hydrogen evolution rate, ml • 010“*^ -min 
dVsTp * hydrogen evolved, ml at STP
dt =* time interval for dv ml to be evolved, min 
A s surface area of sample, cm^
The correction of the hydrogen volume to standard conditions was 




STP (760) (T ) avg'
( 10)
where,
dv » observed volusie increases, ml 
?avg * average room pressure, mn Hg
pressure of water at Hg
P « barometer correction for brass scale, mm Hg 
Tavg average room temperature, ®K 




The rate of hydrogen evolution was then calculated using equation 9.
dV/dt » ml*cm~®-min~^
The rates marked with an asterisk were used to calculate an overall 
average rate for both runs as follows:
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(dV/dt)^^g = (1/i) 2 (dV/dt) = (1/10)(0.722 + .....  +0.719)
= 0.764 ml•
This average rate of hydrogen evolution is referred to throughout this 
section as simply the hydrogen evolution rate. The rates given in the 
tables of this section were all calculated in this manner.
Actual dissolution rates. The 1.527, by weight oxygen specimen 
has a formula of ZrO q q q q . Rewriting equation 7, page 32, for 
X = 0.088 gives:
ZrO p Qgg + 4HF -  ZrF4 + 0.088 HgO + 1.912 Ha 
The dissolution rate of ZrO ^ ^gg, expressed in terms of the hydrogen 
evolution rate, was found to be 0.764 ml'cm"®’mln"^ in 0.20 N HF at 
30* C. The actual dissolution rate of this alloy under these 
conditions, expressed In mg ZrO^*cm"^«min"^, was obtained using the 
following unit equation:
(mg ZrO )•(mol Ha)• (mol ZrO )
(Rate) = (Rate) . ------ - ------  ------- —




( 1 1 )
(Rate) .= (0.764) . 91220 + (0.088)(16000) (1) . (1)
(1) (22,400) (1.912)
» 1.65 mg ZrO .cm”®*mln"^X
The actual dissolution rates of the other alloys were computed in a 
similar manner using the appropriate stoichiometric relationship.
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Calculation of activation energies. The specific reaction rate 
constants can be determined from:
(equation 6, page 27)(HF)un
where k is the same k that appears in the equation,
log k * (-E^/RT) log e -»■ log A (Arrhenius equation)
A plot of Jog k versus 1/T yields a straight line with slope equal to
-(E /R)log e. However, since for any one normality of hydrofluoric a .
acid.
(HF)^^ ■ (constant) (HF normality) ( 12 )
if HF normality is used in place of (HF)^^ concentration in equation 6,
only the intercept of the Arrhenius plot will change. The slope will
remain equal to -(E /R)log e. Using the calculated slope of -903.4 fora
the 1.52X oxygen alloy given in Table IV, page 33,
-0.434 E /R » -903.4 a
E^ « 4.1 X 10^ cal/mol =4.1 kcal/mol 
The data and a sample calculation for the calculation of the 
slopes of the Arrhenius plots by the method of least squares for a 
95X confidence Interval are given in Appendix E, pages 162 to 168.
V. DISSOLUIION POTEKTIALS
Apparatus
The diagram of the apparatus used in this phase of the inves­
tigation is shown in Figure 13, page 49. A description of the 
individual components of the apparatus is given in Appendix B,
A - Water Bath Stirrer K 
B - Thermometer L 
C - Sample Electrode M 
D - Capillary Tip N 
E - Reactor Stirrer P 
F - 600 ml Waxed-lined Beaker Q 
G - 0.14 N HF Bridge R 
H - Saturated KCl Solution S 
I - 1 N Calomel Electrode T 
J - Knife-blade Heater U
Mercury Thermoregulator
Relay Switch





1.5 volt Dry Cell
Potentiometer
Key Switch
Figure 13. Diagram of apparatus used for measurement of 
dissolution potentials.
50
pages 127 to 130. The principle of operation consisted of measuring 
the emf of the cell:
Zr/HF, HF bridge (0,14 N), salt bridge (sat. KCl sol.),
1 N KCl, Hg^Clg/Hg
and reducing the measured potential of the zirconium electrode to the 
hydrogen scale. The saturated potassium chloride salt bridge was 
employed to eliminate liquid Junction potentials and prevent any 
contact of the calomel electrode with hydrofluoric acid. The 
auxiliary 0,14 N HF bridge was used to prevent contamination of the 
hydrofluoric acid in the zirconium half-cell by the potassium chloride 
solution. This concentration (0.14 N HF) was high enough to provide 
adequate potentiometer sensitivity and yet low enough not to 
appreciably attack the glass bridge. The reactor stirrer helped to 
remove hydrogen from the reacting specimen (thus reducing polarization) 
and to eliminate temperature and concentration gradients in the 
hydrofluoric acid solution.
The zirconium and calomel half-cells were both submerged in a 
constant temperature water bath to eliminate any fluctuations due 
to temperature. The water bath was controlled at 23.0 ±0.1 ®C.
The circuit presented in the apparatus diagram is the standard 
system used for single-electrode potential measurements.
Procedure.
A detailed procedure for this phase of the experimentation is 
given in Appendix C, pages 132 to 134.
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Data and Results
Dissolution potentials of Zr-0 alloys in hydrofluoric acid. The 
dissolution potentials of zirconium sheet metal and Zr-0 alloys 
containing 1.52, 3.03, 4.04, 5.13 and 6.97% oxygen were measured in 
0.10 N HF at 25* C. The data obtained are presented in Table X, 
page 52. The potential-time curves of Figure 14, page 53, clearly 
indicate the effect of oxygen in the metal on the dissolution 
potential. The potentials decreased (became less negative or more 
noble) as the oxygen content Increased.
The first reading of the potentiometer was taken as soon as 
possible and in earlier work on the Zr sheet m e t a l t h i s  was 
accomplished with 20 - 30 seconds and recorded as +0 time. For the 
Zr-0 alloys however, the first potential reading could not be 
accurately obtained in this time Interval. The values in Table X 
for +0 time are given only to two places and even these are in doubt. 
For this reason the values at +0 time are not included in the plots 
of Figure 14.
The rapid drop in the initial potential had also been noticed 
In previous work (on sheet m e t a l ) b u t  not to such an extent that 
a reading could not be obtained within 20 - 30 seconds. The 
lntei;'estlng thing In the case of the Zr-0 alloys was not only the 
extremely rapid and large drop in potential but also that the initial 
potentials are very near, if not above (less noble), that of the 



























































































































































































































































































































































































































































Figure 14. Effect of oxygen content on the dissolution potentials 
of Zr-0 alloys in 0.1 N hydrofluoric acid at 25® C.
Effect of additives on the dissolution potential of zirconium 
sheet metal in hydrofluoric acid. The effect of HCl and KCl additions 
on the ratq of dissolution of Zr sheet metal in hydrofluoric acid was 
Investigated and the results reported in the previous section. To 
enable a better correlation of the results of the various phases of 
investigation, a series of runs were made to determine the effect of 
these same additions on the dissolution potential of Zr sheet metal in 
hydrofluoric acid. The data obtained are shown in Tables XI and XII, 
pages 55 and 56, and plotted in Figures 15 and 16, pages 57 and 58.
The effect of HCl on the dissolution potential (Figure 15) was to 
shift it to more noble values. The shift increased with HCl 
concentration up to 0.50 N and then remained essentially constant 
from 0.50 to 4.00 N. The potassium chloride (Figure 16) caused the 
potential to Increase (become less noble) with increasing concentration. 
A small amount (0.25 M KCl) caused the potential to Increase whereas 
higher concentrations (0.50, 0.75, l.OO M) caused only slight additional 
increases.
54
Dissolution potentials of Zr-0 alloys in a hydrofluoric- 
hydrochloric acid mixture. The dissolution potentials were determined 
for zirconium sheet metal and Zr-0 alloys containing 1.54, 2.96, 4.87, 
and 7.01% oxygen in a 0.10 N HF-1.00 N HCl acid mixture at 25® C. The 
results are given in Table XIII, page 59, and plotted in Figure 17, 
page 60. The rapid initial potential drop that occurred with the 















































































































































































































































































































































DISSOLUTION POTENTIAL OF ZIRCONIUM IN 0.1 N HYDROFLUORIC ACID AT 25* C





volts (Hydrogen Scale) 
0.50 M KCl 0.75 M KCl 1.00 M KCl
+0 0.7398 0.7484 0.7552 0.7587 0.7600
10 0.7268 0.7436 0.7475 0.7509 0.7529
20 0.7210 0.7407 0.7428 0.7444 0.7472
30 0.7184 0.7393 0.7415 0.7424 0.7436
40 0.7172 0.7382 0.7406 0.7418 0.7424
50 0.7149 0.7375 0.7408 0.7414 0.7428
60 0.7148 0.7358 0.7400 0.7408 0.7422
57
Time, min
Figure 15. Effect of hydrochloric acid on the dissolution 
potential of zirconium sheet metal in 0.1 N hydrofluoric acid at 25°
58
Time, min
Figure 16. Effect of potassium chloride on the dissolution 





POTENTIALS OF Zr AND Zr- 




Time - EZr, volts (Hydrogen Scale)
min Zr-Sheet 1.54% 0 2.96% 0 4.87% 0 7.01% 0
1 0.6940 0.6745 0.6586 0.6033 0.5870
10 0.6749 0.6186 0.5742 0.5542 0.5280
zo 0.6697 0.6125 0.5643 0.5396 0.5207
30 0.6654 0.6067 0.5593 0.5372 0.5114
AO 0.6633 0.6017 0.5608 0.5382 0.5104
50 0.6604 0.5986 0.5598 0.5365 0.5108
60 0.6608 0.5940 0.5588 0.5360 0.5088
60
Time, min
Figure 17, Effect of oxygen content on the dissolution poten- 
tials of Zr-0 alloys in 0.1 N HF-1.00 N HCl at 25“ C.
made to record a potential at +0 time. The results of this inves­
tigation were very similar to the results obtained in pure hydrofluoric 
acid. The potentials became more noble as the oxygen content Increased. 




The dissolution potentials of the zirconium and Zr-0 alloys were 
obtained using the equation:
where.









When zinc is placed in dilute hydrochloric acid and connected
to a more noble metal Immersed in the same solution to form a cell,
the hydrogen evolution at the zinc electrode decreases and hydrogen
is evolved at the other electrode. This phenomenon was first observed
(23)by Thiel and Eckell , and is known as the "difference effect". It 
has been found that the presence of the difference effect during the 
dissolution of a metal can be explained by the theory of
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*'local e l e m e n t s a n d  it is stated that this is a proof that the 
process is electrochemical„
The difference effect is established by comparing the rate, 
dVi, of hydrogen evolution of a metal dissolving in an acid or base, 
with that, dVs, observed during anodic polarization of the metal at 
current density, lo Usually the two rates are not equal, and the 
difference, A, known as "difference effect"
dVi - dVs A (14)
Customarily a "positive" difference effect (dVi > dV2 ) is defined as 
the decrease in rate of hydrogen evolution as the result of an external 
anodic current. A "negative" difference effect (dVp > dVx) is defined 
as an increase in the rate of hydrogen evolution of the metal as a 
result of an external anodic current.
The difference effect expressed in mm -cm ^mln Is calculated 
by the equation:
A  = dVi +6.971 - dVj. (15)
where dV^ Is the total rate of hydrogen evolution from both the anode 
(Zr in this case) and the cathode (platlnlzed-platlnum) while the 
current I Is flowing through the cell. The factor 6.97 converts the 





(equation 1, page 10)
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combined with equation 15, gives an expression for K:
K » 6.97 + dVi - dVt (16)
The constant K shows directly the mm® of hydrogen by which the rate 
of dissolution of a metal Is decreased per milliampere of the current 
discharge through the cathode. Assuming that no secondary processes 
occur (such as the formation or breakdown of protective films, etc.) 
there are limiting values' ' for K. The maximum value for K should 
be 6.97, meaning there Is no hydrogen evolution on the dissolving 
metal when connected directly to a noble metal electrode. The 
metal Is totally polarized (lOOX) as the hydrogen produced by the 
current Is completely subdued by the difference effect. On the 
other hand. If K » 0, there Is no difference at all, and no anodic 
polarization (0%). In between are the K values for different metals, 
and their polarization In per cent (PX) can be expreased as:
% P = lOOK/6.97 » 14.35K (17)
Apparatus
The diagram of the apparatus used In this phase of the Investi­
gation la shown In Figure 18, page 64. A description of the 
Individual components of the apparatus Is given In Appendix B, 
pages 127 to 130. The principle of operation consisted of measuring 
the rates with and without anodic current flowing. The rate of 
dissolution was determined In much the same manner as described In 
experimental section IV by measuring the rate of hydrogen evolution.
A - Gas Burette J - Knife-blade Heater
B - Leveling Bulb K - Mercury Thermoregulator
C - Water Bath Stirrer L - 6 volt Battery
D - Thermometer M - Relay Switch
E - 500 ml Wax-lined Flask N - 115 volt A.C, Source
F - Sample Electrode P - Knife-blade Switch
G - Platinized-platinum Electrode Q - Milli-ammeter
H - Mercury Seal R - Variable Resistance Box
I - Reactor Stirrer
Figure 18, Diagram of the apparatus used for measurement of 
the difference effect.
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Vniereas in the previous rate apparatus of section IV the specimen 
was rotated to provide the stirring action, in the difference effect 
apparatus the specimen was mounted as an electrode and remained 
stationary while the solution was stirred. The anodic current 
was controlled by varying the external resistance In the ammeter 
circuit. No external source of current was applied to the electrodes 
and the only current produced was a result of the chemical reaction.
Procedure
A detailed procedure for this part of the experimentation Is 
given In Appendix C, pages 134 to 137.
Data and Results
The experimentally determined values obtained for the calculation 
of the difference effect are Included In Appendix D, pages 138 to 160.
Difference effect on Zr-0 alloys In hydrofluoric acid. The 
difference effect was determined for three Zr-0 alloys (4.04, 5.13, 
and 6.48% oxygen) In three different concentrations of hydrofluoric 
acid (0.25 0.50, and 0.75 N HF) at 25* C. The results are summarized 
In Table XIV, page 66. The representative plot of Figure 19, page 67, 
for the 5.13X oxygen alloy Indicates that the data fit the empirical 
relationship of equation 1, page 10. For a given oxygen content, the 
slope of the straight line was Independent of the acid concentration 
and the difference effect was proportional to the current density.
The slopes (l.e. K's) of these straight lines were calculated by the
DIFFERENCE EFFECT FOR THE DISSOLUTION OF Zr-0 ALLOYS IN 
HYDROFLUORIC ACID SOLUTIONS AT 25“ C
TABLE XIV
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0.25 9.76 95.5 9.62 94.7 9.80 104.7
9.86 84.5 9.38 108.8 9.17 100.3
9.48 77.9 11.06 128.4 10.49 107.6
8.92 85.8 9.13 99.2 8.68 94.9
10.42 92.3 10.82 107.0 10.05 102.5
0.50 17.17 163.0 18.65 174.1 17.55 174.8
15.47 151.1 17.50 162.1 15.88 155.2
13.96 136.7 15.29 142.1 13.24 124.6
11.32 114.0 13.08 119.3 11.86 119.1
17.74 163.0 18.32 171.8 17.65 175.6
0.75 18.30 186.1 23.94 226.5 24.51 242.2
15.57 128.7 20.67 213.7 21.18 218.9
14.34 139.9 17.50 171.8 18.14 187.5
21.23 206.5 15.87 150.5 16.32 154.6
18.63 168.9 12.02 143.6 12.11 94.6
15.57 137.8 16.83 147.2 17.16 150.2
16.97 147.6 18.99 192.1 18.82 192.4
19.01 181.3 20.91 225.3 21.52 180.6
19.81 206.3 22.88 249.0 23.43 244.8
21.70 239.0 24.04 227.3 24.56 232.3
El® 4,978. 2041 5,783. 3200 5,709.4840
EA® 461,069. 37 572,061. 54 547,968. 72
ZIA 47,770. 826 57,348. 431 55,790. 694
K* 9.6±0.4 9. 9±0.4 9.8±0.3
* Calculated for 957. confidence interval
67
Figure 19. Effect of current density on the difference effect 
for the 5.137o oxygen Zr-0 alloy in hydrofluoric acid solutions at 25® C.
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method of least squares and are given at the bottom of Table XIV. 
Compared with the value of K = 9.0 ± 0.3 for the sheet metal^^\ 
the proportionality constant K appears to increase slightly with 
oxygen content.
Difference effect on zirconium sheet metal in hydrofluoric- 
hydrochloric acid mixtures. The difference effect was determined for 
the sheet metal in six different hydrochloric acid concentrations 
(0.10, 0.25, 0.50, 1.00, 2.00, and 4.00 N HCl) each 0.25 N with 
respect to hydrofluoric acid at 25“ C. The results are summarized 
in Table XV, page 69. The plots of the difference effect versus 
current density (not shown) for each of the HCl concentrations 
yielded straight lines passing through the origin. The proportionality 
constant K was calculated by the method of least squares and the 
results are given in Table XV. The K increased with increasing 
hydrochloric acid concentration in the range 0.10 - 0.50 N. Above 
0.50 N HCl, it remained essentially unaffected by further increases 
in HCl concentration.
Difference effect on zirconium sheet metal in hydrofluoric acid- 
potassium chloride mixtures. The difference effect was for
the street metal in four concentrations of potassium chloride (0.25, 
0.50, 0.75, and 1.00 M) each made 0.25 N with respect to hydrofluoric 
acid at 25* C. The results are given in Table XVI, page 70, along 
with the calculated proportionality constant K. The effect of 
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Although the K appeared to Increase slightly with increasing KCl 
concentratlpn, so also did the deviation. From the plots of 
Figure 20, page 72, it is apparent that the linear relationship of 
equation 1, page 10, no longer holds. The deviation from linearity 
Increased both with Increasing KCl concentration and increasing 
current density. This would explain why the deviation and magnitude 
of K was inconsistent when determined by the method of least squares 
as the slope of a straight line. Using the method of least squares 
on all forty points, and assuming the curvature was due to experi­
mental error, resulted in a K of 9.1 ± 0.5 for a 95% confidence 
Interval. This would indicate that KCl may have had no effect on K 
(since K > 9.0 ± 0.3 in pure hydrofluoric acid).
Difference effect on Zr-0 alloys in hydrofluoric-1.00 N hydro­
chloric acid mixtures. The difference effect was determined at 
25* C on four Zr-0 alloys (1.52, 2.96, 4.87, and 7.01% oxygen) in 
three hydrofluoric acid concentrations (0.25, 0.50, and 0.75 N) each 
1.00 N with respect to hydrochloric acid. The results are summarized 
in Table XVll, page 73. The 1.00 N hydrochloric acid definitely 
increased the K values for all oxygen contents (cf. Table XIV, 
page 66). The K values also appear to Increase with increasing 
oxygen content as they did in the study using pure hydrofluoric acid. 
Although the Increase in K with oxygen content is small, there is a 
strong indication that the increase is real since it was noticed in 
|>oth the HF and HF-HCl mixtures.
72
Figure 20. Effect of current density on the difference effect 
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Temperature dependency of the difference effect on zirconium sheet 
metal in hydrofluoric acid. To determine the influence of temperature 
on the difference effect runs were made with the sheet metal in 0.25 N 
hydrofluoric acid at temperatures of 10, 20, 30, 40, and 50® C. The 
results are presented in Table XVIII, page 75. The proportionality 
constant K was found to be independent of temperature in the range 
10 to 50® C.
As a check on the data, an Arrhenius plot was made using the
dissolution rates obtained from the difference effect data sheets
given in Appendix D, pages 152 to 160. The dissolution rates given
in Table XIX, page 76, and used for the Arrhenius plots in Figure 21,
page 77, are the rates associated with the I^ values (current at zero
external resistance) for each of the five temperatures. For the
rates of self dissolution, ^^^(^vg)* rates immediately before
and after each I value were averaged. The rates of dissolution o
during anodic polarization, were obtained from an average
of the values at I .o
The slopes of the Arrhenius plots, and hence activation energies, 
were calculated by the method of least squares and are included in 
Table XIX. The activation energy of 4.0 kcal/mole for the self 
dissolution process agrees quite closely with the 3.8 kcal/mole 
obtained from previous rate s t u d i e s A l s o ,  assuming that the 
slight increase in activation energy (4.0 to 4.4 kcal) was real, the 
decrease in rate during anodic polarization could be explained in 
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ACTIVATION ENERGY FOR THE DISSOLUTION OF ZIRCONIUM SHEET METAL IN
0.25 N HYDROFLUORIC ACID DURING ANODIC POLARIZATION
TABLE XIX
Temperature 10®/T dVi(avg) dV2(avg)
“c °K 0^-1
mm3mm mm3mm
cm^ min cm^ min
10 283.2 3.531 227.7 179.8
2.357* 2.255*
20 293.2 3.410 287.2 232.7
2.458* 2.367*
30 303.2 3.298 354.9 291.5
2.550* 2.465*
40 313.2 3.192 459.2 389.9
2.662* 2.591*
50 323.2 3.094 546.5 467.9
2.738* 2.670*
* Logarithm of corresponding number
E10®/T ............ 16.525
E(10®/T)® -r-------- 54.734565
Zlog dV ------------------------— ’
X(10®/T) log dV ...........-.......
b, (slope) -- ---------------------
Ej^ , kcal/mole -----— --------------
p.765 ........ 12.348




1/T X  103, *K-1
Figqre 21. Effect of anodic polariBation oq the activation 
energy for the dissolution of zirconium sheet metal in 0.25 N 
hydrofluoric acid.
Sample Calculations
The following calculations are based on the data given in Appendix 
D, Table XXI, page 138, for the study of the 4.04% oxygen alloy 
dissolving in 0.25 N hydrofluoric acid at 25® C.
The rates of dissolution given in the fourth column of Table XXI 
were calculated using equations 9 and 10, page 46. The difference 
effect A was calculated frcxn:
78
A  = dVi -f 6.97 I - dV^ (equation 15, page 62)
where,
dVi = average self dissolution rate
=# average of dW immediately before and after 
current flow
dV^ = average of total hydrogen evolution rate from both 
cathode and anode during anodic polarization
6.97 I » hydrogen evolved at platinum elect;rode 
For the first A  of Table XXI,
dVi = 0.25 (345.8 + 361.6 + 361.6 + 361.6)
= 357.6 mm^-cm"^*min"^ 
dV^ = 0.5 (322.3 + 338.0)
= 330.1 mm^*cm"^*min"^
6.97 I = (6.97)(9.76) = 68.0 inm^»cm*^*min*^
A  F 357.6 + 68.0 - 330.1 = 95.5 mm^*cm"^*min"^
The values of A  given in the tables of section VI, chapter III 
were calculated in this manner. With the exception of Table XXI, used
79
for the sample calculations, the tables of data for the difference 
effect given in the appendix contain only the experimental values.
The calculation of the proportionality constant K by the method 
of least squares is given in Appendix E, page 168.
CHAPTER IV 
DISCUSSION
There is general agreement that diffusion plays a predominant
role in the heterogeneous reaction of pure zirconium with hydrofluoric
acid and that the slow step is the diffusion of un-ionized HF through
( 8  9 10)an effective diffusion layer to the metal surface. ’ ’ The very
similar hafnium-hydrofluoric acid reaction has also been postulated 
to be dlffusionally controlled. The results of the present study 
on the dissolution of Zr-0 alloys in hydrofluoric acid will also be 
interpreted in terms of the diffusion rate theory. The discussion 
will be presented in three sections; (1) The Diffusion Rate Theory 
for Heterogeneous Reactions, (2) Postulation of a Reaction Mechanism, 
and (3) Correlation of Experimental Results with the Diffusion Theory 
and Reaction Mechanism.
I. THE DIFFUSION RATE THEOJIY FOR HETEROGENEOUS REACTIONS
Noyes and Whitney were the first to suggest the concept of a
(27)"diffusion layer", but they applied it only to a speclel case.'
Nernst, in 1904, gave the Idea a more exact formulation, showed its
wide applicability, and ma^e it the basis for a general theory of
(28)heterogeneous reactions.' ' The theory postulates that the surface 
reaction occurs so rapidly that the products of the reaction build up 
in the immediate vicinity and thus hinder further chemical change. 
Fresh solute molecules must diffuse through this "layer" of products
in order for the surface reaction to continue, The theory therefore 
predicts that such reactions are unimolecular, with the surface reaction 
rate governed by the velocity of diffusion.
According to Nernst's theory the first order rate constant is 
determined by the diffusion coefficient D and the thickness 6 of a 
diffusion layer, or:
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V  _  DS
■ v6 (18)
where S is the area of the solid and V is the volume of the solution.
The value of 6 for a variety of reactions in water has been calculated 
to be about 3 x 10~® cm at 25“ C. Furthermore, if the thickness of 
this diffusion layer is assumed to be independent of temperature, the 
observed temperature Increment for the rate of these heterogeneous 
reactions should be about 4.5 kcal at 25“ C. This theoretical value 
of the activation energy is derived by equating the reaction rate to 
the diffusion rate (as described by Fick's law) and assuming that the 
concentration gradient is equal to the bulk solution concentration 
divided by the diffusion layer thickness.
From a purely physical viewpoint, the concept of a diffusion 
layer some 50,000 molecules thick is entirely unsatisfactory.
According to this concept, it is supposed that the bulk of the solution 
is being Instantaneously mixed by stirring, but at the solid-solution 
Interface there is a thin film of immobile solution in which diffusion 
is the only transport process. The thickness of this layer is so chosen 
that the actual intensity of the transfer is obtained on the assumption
that its mechanism is purely molecular within the layer. The layer 
is therefore fictitious and its thickness is a virtual rather than 
a physical length which depends on the hydrodynamic conditions. It 
is significant, however, that this "thickness" is roughly the same 
for many reactions of a wholly different chemical nature and therefore 
consistent with the view that the rates are determined by the process 
of diffusion.
Five observed facts have, in general, been accepted as criteria
(29)of the diffusion rate theory:
1. A number of different solids react in a given liquid at nearly 
the same rate. Chemical reactions are seldom so nearly alike 
for 80 widely different substances.
2. The rate of stirring of the solution or rotation of the 
specimen has a large Influence on the observed rates. This 
is not typical of chemical reactions.
3. The rate is normally inversely proportional to the viscosity 
of the solution.
4. The rates observed with different acids follow, in general, 
the diffusion coefficients of the acids rather than the acid 
strengths. This of course applies to diffusion coefficients 
obtained under Identical experimental conditions.
5. The temperature coefficients of these heterogeneous reactions 
are usually 1.1 to 1.5 per ten degree rise, whereas most 
chemical reaction rates seldom have temperature coefficients 
less than two.
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The theory is not, as Nernst originally thought, generally 
applicable to all heterogeneous reactions. At least three types of 
heterogeneous reactions are encountered: (1) chemical reaction is 
fast in comparison to diffusion, (2) chemical reaction is slow compared 
to diffusion, and (3) chemical reaction and diffusion take place at 
about the same rate. The diffusion theory is applicable only to the 
first type of reaction and even then many complications may oqcur.
For instance, von Name and Hlll^^^^ point out that film formation, 
gas evolution, and passivity can affect the diffusion theory. H^nce, 
even in reactions which appear to be diffuslonal controlled, a certain 
degree of discretion must be employed in the direct application of the 
diffusion theory.
Moelwyn-Hughes has eliminated many of the Inconsistencies of the
diffusion rate theory by supplementing it with Langmuir's theory of
(31)adsorption. This treatment removes the difficulty of having to
accept improbable large values for the thickness of the diffusion
layer, and offers i^ n explanation for the difference between the
reaction rates of the same solid with different structures.
Roller, on the other hand, is inclined to discredit the existence
of a diffusion layer altogether and gives experiments! evidence tending
(32)to support his Inclination. He arrives at the same conclusions as
Nernst and accounts for the general facets of heterogeneous reactions 
using known physical and chemical laws.
In recent years, a new original trend has developed in chemical 
kinetics, aiming at a complex study of the chemical process in
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combination with the physical processes of heat and mass transfer.
Frank-Kamenetskii has combined kinetics with the theory of diffusion,
(33)heat transfer, and hydrodynamics. He points out that in exothermic,
heterogeneous reactions, both heat and mass transfer are occuring 
simultaneously. With both a concentration and a temperature gradient 
existing fn the same system, the process becomes more complex and 
gives rise to new phenomena known as thermal diffusion and diffusion 
thermoeffect. This is essentially due to the fact that the heat flow 
depends not only on the temperature gradient but also on the concen­
tration gradient; and the diffusion flow depends not only on 
concentration but also on the temperature gradient. Since the reaction 
of zlrconivun with hydrofluoric acid is strongly exothermic, these 
phenomena should be considered at high acid concentrations where the 
reaction la very r^pid.
II. POSTULATION OF A REACTION MECHANISM
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The diffusion rate theory does not, in itself, lead to a clear 
understanding of all the experimental results obtained in this study. 
The reaction mechanism presented below will be used in the following 
section to aid in correlating the experimental results with the 
diffusion theory. It should be made clear at the onset that the 
rate of reaction in the diffuslonal range can tell nothing about the 
true kinetics of the reaction and Its chemical mechanism. The 
following presentation Is offered as a hypothesis.
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Mechanism for the Dissolution of Pure Zirconium
Even high purity zirconium is covered with a thin tenacious oxide 
film. Zirconium produced in an inert or reducing atmosphere forms this 
oxide film immediately on contact with air. The oxide is only a few 
lattice spacings in thickness and the number of lattice sites occupied 
by the oxygen atoms quickly diminishes from that of the saturated 
state (ZrOa) to that of the pure metal. The outer sites available 
for oxygen atoms are filled by this surface oxidation and the zirconium 
is blanketed by a protective layer of ZrOg; the reaction is therefore 
self-terminating. It is this adherent oxide coating which accounts 
for the chemical inactivity of the massive metal. The Importance of 
the oxide film to corrosion is substantiated by the fact that zirconium 
dissolution occurs only in acids or acid solutions which react with 
zirconium oxide.
The reaction of zirconium with hydrofluoric acid is initiated by 
the attack of HF on the oxide. The zirconium oxide-hydrofluoric acid 
reaction may be represented by the equation:
ZrOa + 4HF - ZrF^ + 2HaO (19)
The reaction la spontaneous (^^ ■ -33.2 Kg-cal/mole) and exothermic 
(Z^° >■ -66.6 Kg-cal/mole). The reaction appears to be dependent on 
the molecular HF species rather than H"^  or F~ Iona. This is indicated 
by the observation that neither hydrochloric acid nor so- iuir fluoride 
solution will react with ZrOa when used separately, but a mixture of 
the two solutions will react with the oxide.
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The reaction of ZrOa with molecular HF may be explained in the 
following manner. Oxygen is surpassed only by fluorine in the electro­
negative scale of the elements. The fluorine atom, in the HF molecule, 
has not fully satisfied its affinity for electrons as is evident from 
the high degree of hydrogen bonding it exhibits in solution. The 
outermost zirconium atoms on the surface layers of ZrOa cells will have 
electrons available for bonding if the demand is sufficient. The 
attack of the molecular HF is initiated at these available sites. The 
highly electronegative fluorine atom (X^ , = 4.0, where X refers to 
Paulings values of electronegativities) can more readily, and 
completely, satisfy its electron affinity by taking an electron from 
the zirconium atom (X_ « 1.6) and releasing the hydrogen atom
(Xjj ■ 2.1). The zirconium electron shared by the oxygen atom (X^ ■ 3.5) 
is also more strongly attracted by the fluorine atom. The reaction of 
ZrOs with HF is therefore not a step-wise procedure of electron 
rearrangement. Rather, it involves the continuous perturbation of 
electrons to an overall state of lower energy. As Zr-F bonds are 
formed and H-F and Zr-0 bonds are broken, H-0 bonds (l.e., HsO) are 
forming.
Once the protective oxide film is removed and sites of the active 
metal are exposed, the dissolution proceeds as follows:
(a) Zr + 4HF -► ZrF4 + 2Ha,
(b) Zr + 2HaO -► ZrOg + 2Ha,
(c) Zr + 4H'*‘ -♦ Zr'*’'* + 2H2 (electrochemical).
The net observable results of these three reactions are the same in 
that zirconium metal is oxidized to the +4 state and a stoichiometric 
equivalent of hydrogen is produced. These reactions will be occuring 
simultaneously on the exposed metal and conceivably with more than one 
reaction at a given site. Their relative contributions to the overall 
dissolution process may differ considerably.
Thermodynamic data indicates that reaction (b) will occur
spontaneously and exothermically at room temperature (^° -- -131
Kg-cal/mole; = -121.6 Kg-cal/mole). The reaction would, however,
be self-terminating due to the formation of the protective, Insoluble,
film of ZrOs. This Is substantiated by the fact that massive zirconium
will react with pure steam at high temperatures (450“ C) and that the
protective oxide film formed at low temperatures 'dissolves' in the
(34)bulk metal at approximately this same temperature. Thus, there
are strong indications that reaction (b) actually occurs. Furthermore, 
the contribution of the Zr-HgO reaction to the overall production of 
hydrogen should be more than that of either (a) or (c). The HaO 
molecules outnumber the HF molecules in all concentrations of the 
pure acid solution. As an example, in 1.0 N hydrofluoric acid the 
ratio of HgO molecules to HF molecules is approximately sixty to one.
The ratio, as would be expected. Increases as the normality decreases. 
The HgO molecule therefore has a higher statistical probability of 
reacting at a given free-metal site than does the HF molecule; reaction 
(b) is more prevalent than reaction (a). This conclusion does not 
however take into account the effect of hydride formation on the
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Zr-H^O reaction. It has been shovm that a portion of the hydrogen
produced by either reaction (a) or (b) finds its way into the 
(13 35)metal. * This hydride formation may be represented by the 
equation:
Zr + xH’ ZrH (2 0)
(where H* is atomic hydrogen) and accounts for the black hydride 
observed to form on the sheet metal in pure hydrofluoric acid.
The build up of this hydride at the metal-to-oxide interface has also 
been suggested as the cause of the "breakaway" corrosion observed to
occur in the corrosion of zirconium in both steam and hydrochloric
(36 37)acid. ’ ' This indicates that the Zr-HgO reaction, which reforms
the oxide film, does not occur readily at those sites which have 
already absorbed hydrogen. Thus, as the reaction progresses the 
contribution of the Zr-HsO reaction diminishes as the hydride film 
Increases.
The contribution of the electrochemical reaction (c) will in 
turn be less than either (a) or (b) for the sheet metal in pure hydro­
fluoric acid. The extent of reaction (c) depends upon both the H'*' Ion 
concentration and the ntimber of free-metal sites available. The H* 
ion concentration la low In the pure hydrofluoric acid solutions since 
the HF ionizes to such a small degree. The number of free-metal sites 
available at a given instant is also low due to the more prevalent 
reactions mentioned above. These factors result in the electrochemical 
reaction playing only a minor role for the dissolution in the pure acid.
The hydrogen observed to evolve from the metal is therefore 
produced primarily by the Zr-HF and Zr-HgO reactions. Furthermore, 
since the hydride film is observed to establish itself very quickly, 
the Zr-HgO reaction is not as prevalent as the Zr-HF reaction for 
the majority of the time during the course of a given run. For the 
dissolution of zirconium in pure hydrofluoric acid the actual chemical 
mechanism is inconsequential. Regardless of the true origin of the 
hydrogen evolved, equivalent amounts of hydrogen are produced (once 
the hydride film is established), and the rate of reaction is dependent 
only on the rate that un-ionized HF diffuses to the surface.
It is for the explanation of the effect of HCl additions on the 
rate of dissolution that the reaction mechanism becomes important.
The contribution of the electrochemical reaction is Increased consider­
ably when hydrochloric acid is added to the HF solution. Not only 
are the HF species and the H* Ion concentrations increased but also 
the Cl" ion is introduced into the system. The chloride ion Is 
preferentially adsorbed at some of the free-metal sites thus providing 
sites for the electrochemical reaction. In addition to the 
stoichiometric equivalency of hydrogen produced by the HF attack, 
there is an additional quantity of hydrogen being produced by H*** Ions 
as a result of the electrochemical reaction.
The contribution of the electrochemical reaction to the overall 
rate of observed hydrogen evolution will be dependent upon both the 
concentration of the hydrofluoric acid and the concentration of 
hydrochloric acid. At a given temperature and hydrofluoric acid
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concentration, the rate of diffusion of HF will not be greatly affected 
by the concentration of HCl present. Therefore, both the rate of 
hydrogen evolution resulting from the HF attack and the total number 
of free-metal sites will be essentially constant at a given Instant 
for these conditions. The rate of hydrogen evolution resulting from 
the electrochemical reaction, however, will be dependent on the HCl 
concentration. The electrochemical reaction Is Initiated by the 
adsorption of Cl~ onto free-metal sites and, since the number of these 
sites is constant (i.e., constant HF concentration), a Langmuir type 
adsorption Isotherm should result when the overall hydrogen evolution 
rate la plotted versus the Cl~ ion concentration. On the other hand, 
if the HCl concentration and temperature are fixed and the HF 
concentration is varied, the number of free-metal sites at any given 
instant will be directly proportional to the HF concentration. As 
the number of free-metal sites is Increased, the number of adsorption 
sites will Increase proportionally. If the rate of hydrogen evolution 
due to the HF attack is:
(dV/dt)jjy - ki(HF) (21)
then the rate of the electrochemical reaction will be:
The overall observed rate will be:
(22)
» ki(HF) + ka(HF) » k(HF) (23)
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A plot of the observed rate of hydrogen evolution versus HF 
concentrations, at a given temperature and hydrochloric acid 
concentration, should result in a straight line passing through the 
origin. The only difference between this plot and one for pure 
hydrofluoric acid at the same temperature will be the change in k.
A plot of log rate versus log (HF) will result in a straight line 
with a slope equal to one (i.e„ first order reaction) for either pure 
hydrofluoric acid or hydrofluoric-constant concentration hydrochloric 
acid mixtures.
Mechanism for the Dissolution of Zr-0 Alloys
The formation of the solid solution of oxygen and zirconium, 
prepared by mixing, pressing, and sintering mixtures of zirconium and 
zirconium dioxide powders, may be represented by the expression:
Zr -t Zr02 Zr, 0 (2A)
in which the amount of oxygen is variable. To avoid indefinite 
subscripts, the reaction is left unbalanced. Experimental evidence 
indicates that the oxygen atoms or ions are absorbed in interstitial
positions in the metal. (38) Since the tetrahedral interstices are
too small for the oxygen atom or ion, the oxygen atoms or ions must
(39)occupy the octahedral interstices. An ideal solid solution of
oxygen in zirconium would consist of the oxygen atoms or ions being 
uniformly distributed throughout these interstitial positions. In 
reality, and due to the method of preparation, the alloys used in 
this investigation probably consisted of domains of pure metallic
zirconium and domains rich in ZrOa- For simplicity in the following 
discussion, the alloys will be considered as merely a uniform dispersion 
of ZrOs particles of various sizes in pure zlrconluri.
The dissolution of the alloys, like the pure massive metal, is 
initiated by the attack of HF on the thin, tenacious, oxide produced 
by surface oxidation. Once this oxide film is removed, the exposed 
surface will consist of areas of pure metal and areas of ZrOa. The 
postulated mechanism presented earlier for the pure massive metal 
would still be applicable to the metal matrix of the Zr-0 alloys.
Since only the matrix (l.e., metal not bound to oxygen) is capable 
of producing hydrogen the dissolution rate as measured by the rate 
of hydrogen evolution will remain dlffusionally controlled. The 
rate at which the Zr0 2 particles in the metal matrix will dissolve 
in a given hydrofluoric acid concentration depends upon both the 
crystalline structure and size of the particles. As the matrix is 
dissolved, a residue of the larger Zr0 2 particles will be left on 
the surface.
It is not immediately obvious why HF will attack any Zr02 formed 
on the surface of the metal matrix as a result of the postulated 
Zr-H2 0 reaction and yet leave a residue of the Zr0 2 added in preparing 
the alloys. This apparent discrepancy may be explained in terms of 
the rates at which the oxides are being dissolved. There are four 
crystalline modifications of Zr0 2 > a n d  the Zr0 2 produced by the 
Zr-H2 0 reaction does not have the same structure as the Zr0 2 in the
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alloys. (41) Furthermore, the particle size of the Zr02 residue tTould
necessarily be larger than that of the ZrOa continually being produced 
at free-metal sites by the Zr-HsO reaction.
The residue of ZrO^ on the sample surface would not affect the 
mechanism of the metal matrix dissolution process but would affect its 
rate. The residue offers an additional resistance to the diffusion of 
HF to the metal surface. The thickness of the residue layer, and hence 
its Resistance, does not continue to increase indefinitely. The outer 
ZrOs particles of the residue are not tenaciously held and the overall 
thickness of the layer, for a given alloy composition, would depend 
upon both the acid media and the hydrodynamic conditions near the 
surface. For a given apparatus and a fixed stirrer speed, temperature, 
and acid media, the residue thickness is dependent on the oxygen 
content of the alloy. The higher the oxygen content, the greater 
the size and number of ZrOs rich domains and the thicker the resulting 
layer.
III. CORRELATION OF EXPERIMENTAL RESULTS WITH THE DIFFUSION 
THEORY AND REACTION MECHANISM
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The rates, potentials, and difference effects, which comprise the 
experimental results of this investigation, were obtained using 
different apparatuses and procedures. Even when these quantities are 
determined under identical conditions, it is questionable whether or 
not a strict quantitative correlation of the various results can be 
made. This section of the discussion is therefore presented in three 
parts: (1) Dissolution Rates, (2) Dissolution Potentials, and
(3) Difference Effect.
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The reaction rates of Zr-0 alloys with hydrofluoric acid were 
determined over the concentration ranges from 0.10 to 0.50 N HF and 
temperature ranges from 10 to 50“ C. The reaction was carried out in 
both hydrofluoric and hydrofluoric-hydrochloric acid mixtures.
The reaction rate was found to be directly proportional to the 
un-ionized HF concentration for alloys containing from 1.5 to 7.0% 
oxygen. This proportionality was observed for Zr-0 alloys in both 
pure hydrofluoric acid and hydrofluoric-1.00 N hydrochloric acid 
mixtures. These results coupled with the Influence of the stirring 
speed on the rate and low activations energies (4 to 6 kcal/mole) 
suggest that the dissolution of Zr-0 alloys in hydrofluoric acid is 
a diffusion controlled reaction. Indeed, since the reaction of the 
pure zirconium sheet metal in hydrofluoric acid has been postulated 
to be dlffusionally controlled, the classical diffusion theory would 
predict that the oxygen content of the metal should have little 
effect on the reaction. However, several anomalies arise if the 
experimental results are Interpreted solely in terms of the classical 
theory. Why, for example, does the rate of dissolution at a specific 
acid concentration, temperature, and stirring speed decrease as the 
oxygen concentration increases? Why is the activation energy of the 
dissolution process affected by the amount of oxygen present in the 
metal if the reaction is truely dlffusionally controlled? These 
questions, and others, may be answered by both extending the diffusion 
layer postulated by the classical theory to include an additional
Dissolution Rates.
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solid film, and supplementing the diffusion theory with Langmuirs
(31)adsorption theory in a manner proposed by Moelwyn-Hughes.
Straumanis, et al., have shown that upon the dissolution of
oxygen- and hydrogen-containing zirconium in hydrofluoric acid, ZrOa
grains may agglomerate to a visible grayish residue when the metal 
(42)matrix dissolves. In the present Investigation, the Zr-0
specimens were observed to be covered with thin, dull-gray films 
after runs in both pure HF and HF-HCl mixtures. Microscopic 
examination revealed that the films were thicker for the alloys with 
the higher oxygen contents. Attempts to identify these films have 
thus far been unsuccessful but the fact remains that they do exist. 
Therefore, in addition to the liquid layer postulated in the original 
diffusion theory, there is a solid residue layer present on the metal 
surface. This solid layer would further hinder the diffusion of HF 
molecules to the surface resulting in a lower rate and a higher 
activation energy. Thus, since the solid layer thickness was observed 
to increase with increasing oxygen content, the rate would decrease 
and the activation energy would Increase as the alloys increased in 
oxygen content.
The high value (6.6 kcal/mole) of the activation energy obtained
(9)by Vander Wall and Whltener' for the dissolution of zirconium in 
HF-13 M HNOs acid mixtures may be explained in a similar manner. The 
high concentration of HMOs, a strongly oxidizing acid, would favor the 
formation of oxide films which in turn would lower the rate and Increase 
the activation energy.
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To interpret the results of the effect of hydrochloric acid 
additions on the dissolution rates, Langmuir's adsorption theory 
must be used in addition to the above 'extended' diffusion theory. 
Hydrochloric acid additions were observed to cause the rate of 
dissolution of both zirconium sheet metal and the Zr-0 alloys to 
Increase. The increase was in excess of that which would be 
predicted from shifting the equilibrium to un-ionized HF. The plots 
of hydrogen evolution rates versus concentration of un-lonlzed HF 
resulted in straight lines passing through the origin. This indicated 
that the reaction was still first order with respect to the un-ionized 
HF and dependent only on the HF species. The effect of the HCl 
addition was merely to Increase the value of k in the equation.
dV/dt - k (HF)un (equation 5, page 23)
The HCl was also observed to have little if any effect on the apparent 
activation energies making it unlikely that the rate changes are a 
result of changes in the thickness or porosity of the solid diffusion 
layer.
An explanation of the above phenomena la possible if the postu­
lated mechanism is employed. As mentioned earlier, any electrochemical 
reaction at the surface in pure hydrofluoric acid would be slight for 
two Reasons: (1) the H* ion concentration is low, and (2) the number 
of active local cells is very small. Both of these factors must be 
altered in order for the electrochemical reaction to become important.
It is well known that certain anions, notably the halides, have
an adverse effect on the occurance of passivation. (43) It has been
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suggested that such aniens are preferentially adsorbed on the bare
(44)metal surface thus preventing the adsorption of 'passivating* ions.
Evans points out that the direct formation of an oxide film must involve
the contact of the metal lattice and oxygen-containing ions or molecules
(H2O, OH", O 2 9 etc.) and that this film formation would be hampered by
(45)strongly adsorbed ions such as the halides.
When HCl is added to the hydrofluoric acid, the H"*" ion concen­
tration is greatly increased and the Cl" is preferentially adsorbed 
at metal sites made available by the HF. An electrochemical reaction 
on the metal surface is then possible. Both the H'** and Cl" ions must 
be present. This explains why KCl additions alone did not affect the 
rate. This also explains why Johnson observed that both HCl and HBr 
additions Increased the rate of dissolution of hafnium in hydrofluoric 
acid and yet H2 SO4 or H3PO4 additions had little if any effect on the 
r.t.,'")
The postulation that the electrochemical reaction does occur and 
Is Initiated by the adsorption of Cl" Ions on the surface Is supported 
by the fact that a plot of rate versus HCl (or Cl~) concentration 
results In a Langmuir type adsorption Isotherm for a given hydrofluoric 
acid concentration. Furthermore, the Increase In the specific reaction 
rate constant without a change In either the form of the rate law or 
the activation energy, as predicted by the postulated mechanism. Is 
actually observed.
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The dissolution potentials were measured for Zr-0 alloys In both 
0.1 N HF and 0.1 N HF-1.0 N HCl acid mixtures at 25“ C. The effect 
of HCl and KCl additions on the dissolution potential of Zr sheet 
metal In 0.1 N HF at 25“ C was also determined.
The dissolution potentials of the Zr-0 alloys in pure hydrofluoric 
acid were observed to rapidly become more noble Immediately after 
their Immersion, approaching somewhat constant values In about one 
hour. The Initial potentials (at +0 time) of the Zr-0 alloys appeared 
to be approximately the same as the Initial potential of the sheet 
metal determined under Identical conditions, whereas the shifts to more 
noble values Increased with Increasing oxygen content.
This variation of the dissolution potentials with time may be 
Interpreted In terms of the accumulation of the residue observed to 
form on the sample surface during dissolution. As Evans points out,^^^^ 
the thicker and/or less porous the protective layer, the more noble will 
be the potential of the covered metal. A rising (more noble) potential 
Indicates formation or repair of protective layers and a falling 
potential removal or breakdown. Accordingly, the removal of the Initial 
protective oxide (from surface oxidation) should result In a potential 
drop to less noble values. The fact that such a change was not observed 
Is probably due to the removal occuring too rapidly to be recorded.
Once this Initial oxide Is removed however, the reactive metal matrix 
Is exposed resulting In very negative potentials. Since the dissolution 
potential la not a function of surface area. It Is not surprising to
Dissolution Potentials
find that pseudo-initial potentials of the Zr-0 alleys are approximately 
the same as the sheet metal. As the dissolution continues, the residue 
(ZrOs ?) begins to accumulate on the surface and the potential rises 
to more noble values. The rapid initial rise to a somewhat constant 
value indicates that the residue layer forms very quickly to a somewhat 
constant thickness. The relative shapes and positions of the time- 
potential curves indicate that the residue layer forms more quickly, 
and is thicker, the higher the oxygen content of the alloy. Thus, 
there appears to be a definite qualitative correlation between the 
observed residue layer, the dissolution rates, and the dissolution 
potentials for the Zr-0 alloys in pure hydrofluoric acid.
The effect of an addition of hydrochloric acid on the dissolution 
potentials of Zr-0 alloys in hydrofluoric acid was to shift all 
potentials to more noble values. The relative shapes and positions 
of the time-potential curves were not appreciably altered. For the 
sheet metal in hydrofluoric acid it was observed that additions of KCl 
resulted in the potential becoming less noble whereas HCl additions 
caused Just the opposite effect. The effect of the KCl additions can 
be easily explained by an Increase in the conductivity of the acid 
solution but the effect of HCl on the potentials of both the sheet 
metal and Zr-0 alloys presents a problem. Why should an HCl addition 
cause an increase in rate of hydrogen evolution and yet cause the 
dissolution potential to become more noble? To answer this question 
the reaction mechanism must again be considered.
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results in free electrons being left on the metal and positive ions
accumulating on the solution side of the metal, thus building up what
(4 7)is known as an electrical double layer;' the potential difference 
across this double layer Is the single electrode p o t e n t i a l . D u e  
to the necessity of electrical neutrality in the bulk solution, it is 
the density of free electrons on the bulk metal at a given Instant 
which will determine the resulting potential. Thus, even though it 
is not obtained under equilibrium conditions, the dissolution potential 
is also a measure of the free electron density. Under normal 
conditions, the dissolution potential of Zr or Zr-0 alloys In hydro­
fluoric acid would be dependent on the rate of attack of HF molecules 
resulting in a direct parallelism between potential and rate measure­
ments. As the concentration of HF is increased, the dissolution rate 
increases, the number of free electrons at a given instant is Increased, 
and the potential becomes less noble. When HCl is added to the acid 
solution this parallelism is considerably altered. The HCl gives rise 
to an additional reaction (electrochemical) at the surface. For the 
quasistatlonary states, this reaction greatly reduces the number of 
free electrons in the bulk metal in comparison to the number which 
would be present for the dissolution in the pure acid. Thus, although 
the overall rate of hydrogen evolution (from both the chemical and 
electrochemical reactions) is observed to Increase, the dissolution 
potential becomes more noble. The more the hydrogen evolution rate 
is increased by a given addition of HCl (due to an Increase in the
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In general, the dissolution of a metal in aqueous solutions
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electrochemical reaction), the more the dissolution potential is 
shifted to more noble values.
Difference Effect
The difference effect was determined for the Zr-0 alloys In 
various concentrations of both hydrofluoric acid and hydrofluoric- 
hydrochloric acid mixtures at various current densities. The effect 
of HCl additions, KCl additions, and temperature on the difference 
effect for Zr sheet metal in 0.25 N HF was also determined.
As discussed earlier (page 63), the difference effect provides 
information about the polarizability of a metal, without making 
potential measurements. It reveals the true passivation ability of 
the metal under the influence of an anodic current. The values 
obtained for K in the expression:
A  = K I (equation 1 , page 1 0)
were in all cases higher than 6.97 signifying that both the Zr and 
Zr-0 electrodes are polarizable to an extent greater than one hundred 
per cent. Thus, an anodic current decreases the hydrogen evolution 
from the specimen electrodes by an amount in excess of that which is 
equivalent to the current. There must therefore be a change in the 
reaction and/or electrode due to this current flow.
In the absence of an external current, the normal dissolution 
process is occuring as described previously in the discussion of the 
dissolution rates. The Instant that the external circuit Is completed 
however, hydrogen is observed to evolve from the platinum electrode
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and the following additional reactions occur:
(a) 2H* + 2e“ -♦ Ha (at platinum electrode)
(b) Zr -* Zr** + 4e- (at zirconium electrode)
The immediate effect of (b) is Co reduce the rate of the hydrogen 
producing HF attack due to the reaction of the HF species with the 
tetravalent zirconium ions:
(c) Zr** + xHF - ZrF **"’^ + xH+X
The hydrogen liberation is therefore transferred (to an extent which 
depends on the current density) from the zirconium electrode to the 
platinum electrode. This will In turn affect the hydride formation.
The hydride film is not a static one but rather a dynamic one in the 
sense that it is continually being formed and removed. The external 
current reduces the hydride formation (this is actually observed to 
occur, l.e., the black film begins to quickly vanish when the circuit 
is closed). Since the hydride is an inhibitor for the Zr-HsO reaction, 
the formation of the surface oxide is favored by the external current. 
The complexlng reaction (c) by itself would only account for decreases 
in the hydrogen evolution from the specimen electrodes by an amount 
equivalent to the current. It is the formation of the surface oxide 
which accounts both for decreases in excess of this value and the 
apparent increase in activation energy during anodic polarization.
The promotion of oxide films by anodic currents might also 
explain the slight Increases in the K values of the oxygen alloys with 
increasing oxygen content in a manner suggested by J o h n s o n . T h e  
Zr-0 alloys already have a partial oxide built into them, making them
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more susceptible to anodic polarization. If such is the case, the 
activation energy during anodic polarization should also increase 
with increasing oxygen content. (Work is presently being done to 
ascertain if this actually happens.)
The effect of hydrochloric acid additions on the K values can 
also be explained by oxide film formation. The rate of self 
dissolution with no current flowing is Increased considerably by the 
addition of HCl. If dVig and dVib rates of hydrogen evolution
resulting from the HF attack and the electrochemical reaction 
respectively, then the overall observed hydrogen evolution rate dVi 
with HCl present will be:
dVi - dVia + dVib (25)
The rate dVia will be reduced to dVsa when a current is allowed to 
flow externally. This reduction, as mentioned above is due to both 
the complexlng reaction and the oxide film formation. Since the 
contribution of the electrochemical reaction is dependent on the HF 
attack at the surface (l.e., the sites made available for chloride 
ion adsorption), a decrease in dVxa will cause a corres­
ponding decrease in dVib bo dV^b* ^ 1^ ® observed rate during anodic 
polarization dVs with HCl present will be:
dVa = dVaa + dVsb (26)
and
A dVi-dVg « (dVia + dVib) - (dVsa + dVab) (27)
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The change in the rate of the HF attack (dVia ” dVga) should be 
independent of the amount of HCl present and equal to the difference 
effect observed for the pure acid. Hence:
dVia - dVaa =■ 9*0 1
and combining this with equation 27 and rearranging:
dVib - dVeb » A  - 9.0 I
(28)
(29)
Experimentally the difference effect is found to be proportional to 
I even with HCl present, therefore:
dVib - dVab =« K I - 9.0 I (30)
For the pure acid, where dVxb ~ dVab 0, K will be 9.0 and any Increase 
above this value with HCl additions will be due to the difference effect 
associated with the electrochemical reaction. At a given HCl 
concentration and variable HF concentration, the overall difference 
effect will remain proportional to I with the proportionality constant 
K being greater than 9.0 by a factor which is dependent on the given 
HCl concentration. Since both dVxb dVab s^e dependent on the HF 
attack (to give exposed sites), at higher HCl concentrations, where 
dVxb becomes essentially constant, the proportional decrease in dVab 
will also be constant and the overall observed K becomes constant.
The effect of temperature on the difference effect is more 
difficult to explain. The activation energy during anodic polari­
zation was found to be slightly higher than that observed for self 
dissolution with no current and therefore the difference effect
increased slightly with temperature. The proportionality constant K, 
however, was found to be independent of temperature. This would mean 
that I must not only increase with temperature but also have the same 
temperature dependency as the difference effect Although the 
dissolution potential will increase with temperature, thereby causing 
I to increase, and the conductivity of the solution will increase also 
causing I to increase with temperature, there is no reason for these 
increases to be the same as those for the difference effect. On the 
contrary, theoretically the temperature dependency of the current 
density and the difference effect should not be the same. It must be 
concluded that either K was fortuitously found to be constant under 
the temperature range and conditions of this particular investigation 
or the change was so small that it was within the limits of experimental 
error.
The effect of potassium chloride additions on the difference 
effect may be explained in terms of concentration-polarization effects. 
The complex metal ions tend to accumulate in the anolyte with the 
effect becoming more pronounced as the current density is increased.
The accumulation of the complex metal ions may lead to saturation of 
the solution at the metal-liquid interface and to consequent salt 
formation (potassium fluozirconates) on the metal. Such a formation 
would cause passivation of the underlying metal. The salt formation 
would also become more pronounced as the concentration of potassium 
chloride is increased in the bulk solution. The plot of the difference 
effect versus the current density would deviate from linearity at high
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current densities and the deviation would be greater at higher concen­
trations of potassium chloride.
The salt formation mentioned above was observed to occur slightly 
at the edges of the zirconium electrode (at the highest current 
densities) even for the most dilute of the KCl solutions (i.e., 0.25 M), 
Following runs in the 1.0 M KCl solution, the zirconium electrode had 
visible salt crystals at various spots on the metal surface as well as 
larger crystals at the edges. This salt was identified by x-ray 
diffraction as KaZrFfo
Attempts have been made to explain the rates of anodic dissolution 
processes by completely disregarding the positive and negative 
difference effects and applying the theory of uncommon valency tons.
The basic postulate of this theory is that the self dissolution rate 
remains constant during anodic polarization. The apparent deviation 
of the self dissolution rate of active metals during anodic polari­
zation (in either an acid or electrolyte) from that calculated from 
the Faradayic current and the total hydrogen evolution rate is 
attributed to the formation of cations with uncommon valencies. The 
results of this Investigation have shown that the self-dissolution 
rate was not constant during anodic polarization for zirconium dissolv­
ing in hydrofluoric acid and the theory of uncommon valencies is 
therefore not applicable.
Straumanis has discussed the relative merits of uncommon valency
(49)tons and the difference effect,^ and has shown that all the observed 
facts can be explained by the theory developed for the positive and
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negative difference effects on the basis of normal valency (50)
CHAPTER V
RECOMMENDATIONS
New Method of Alloy Preparation
The perfection of an apparatus and/or method for the 
preparation of Zr-0 alloys directly from the sheet metal would 
be advantageous. In this Investigation, a strict comparison 
should not be made between the results obtained with the sheet 
metal and those obtained with the Zr-0 alloys due to the great 
differences existing In their respective structures. Even 
though the alloys appeared to be homogeneous by microscopic 
examination, they were more Impure, porous, and Inhomogeneous 
than the sheet metal. Also, the lowest oxygen content (1.52%) 
that could be prepared by the powder method was obtainable 
only by decomposition of zirconium hydride. These Inconsistencies 
and difficulties could be minimized by direct preparation of the 
alloys from the sheet metal.
New Alloys
This Investigation showed that oxygen In the metal has an 
effect on the dissolution of zirconium In hydrofluoric acid. 
Alloys In the two phase region (alpha + ZrOs) should be prepared 
and studied. Also, the study of zirconium alloyed with nitrogen 
and hydrogen could give further Insight Into the mechanism of the
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dissolution process. Zirconium alloyed with small amounts of noble 
metals could be used to Investigate anodic polarization from the 
aspect of local cells.
Apparatus Changes
The rates of dissolution of zirconium and Zr-0 alloys were
determined indirectly by measuring the rate of hydrogen evolution.
This method Is applicable only to those reactions for which a
known stoichiometric quantity of gas or gases Is evolved. The
effect of nitric acid additions, for example, could not be studied
by this method due to the formation of unpredictable mixtures of
various nitrogen oxides. It Is therefore recommended that the
( 8  9)radioactive tracer method' * be used to supplement the gas 
evolution method. Both methods could be Incorporated Into a 
single apparatus. That Is, one having a closed system to enable 
measurement of gas volume (or pressure) with the solution 
circulating past the radioactive samples. For simple stoichiometric 
gas-evolving reactions, this would provide a means of cross­
checking the results as well as Indicating changes which may occur 
in the stoichiometry of the reaction. For Instance, when 
oxidizing agents (l.e., Cr0 4 , Mn0 4 , BIO3) are added to the 
zirconium-hydrofluoric acid reaction some of the hydrogen may 
be oxidized to water. In that event, the gas evolution method 
would make the dissolution appear to be slower than It actually was. 
The combined methods would not only make such a change In products
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obvious but also allow the amount of water formed to be calculated.
The difference effect and potential measurements could also 
be made in the proposed apparatus. In the present study, one 
apparatus was used for the rate, another for the difference effect, 
and still another for the potential measurements. The stirring 
mechanism and geometrical setup was different in each apparatus.
A direct comparison of the various results could therefore lead 
to erroneous conclusions. By proper mounting of the specimen 
in the proposed apparatus, the rate, difference effect, and 
potential could all be determined under Identical conditions 





The hydrogen evolution m e t h o d w a s  used for the determination 
of the oxygen In the Zr-0 alloys prepared for this Investigation. This 
method Is applicable to pure or reasonably pure Zr-0 alloys since all 
Impurities which do not produce hydrogen are assumed to be zirconium 
dioxide. The zirconium powder used to prepare the Zr-0 alloys in this 
Investigation contained small amounts of Impurities and hence the 
reported oxygen contents are not absolute values. The reproducibility 
of results using the evolution method was very good (± 0.03% b.w. 
oxygen) and the analysis should therefore be reliable In terms of 
relative oxygen contents.
A correction for Impurities can be derived if the amounts of 
Impurities In the zirconium are known. Only an approximate analysis 
of the zirconium powder used In this study was available. From this 
analysis it has been estimated that the reported oxygen contents are 
approximately 0.25% too high.
Specimen Area
The area of the exposed surface was calculated from the dimensions 
of the specimen. This calculated area was assumed to be the actual 
area In the rate and current density calculations. Although this 
assumption Is not strictly correct, the actual area should be directly
proportional to the apparent area. The surface of the specimen was 
sanded and etched in the same manner before each run to provide the 
same initial area. Even as the reaction progresses and the actual 
surface becomes eroded, the effective area remains essentially constant 
for first order diffusion reactions. This applies only to a 
given sample whose surface has been prepared in a nearly identical 
manner before each run. The proportionality between apparent 
(calculated) area and actual area is not the same for different 
samples. This is evidenced by the fact that the rate of dissolution 
(based on one cm^ of calculated area) of the sheet metal was less 
than that of the lower oxygen-content Zr-0 alloys under identical 
test conditions. The rate was observed to increase with decreasing 
oxygen content and hence the sheet metal (lowest oxygen content) 
should have had the highest rate of dissolution. Thus, the alloys, 
being more porous, have a larger ratio of actual area to calculated 
area than the sheet metal and this must more than offset the effect 
of the oxygen. This same deviation is true to a lesser extent for 
the alloys themselves. It was observed that the shrinkage which 
occured during the sintering process increased slightly with increasing 
oxygen content. The higher the oxygen content, the more dense (less 
porous) the sintered specimen and hence, the smaller the area ratio.
Ill
Hydrodynamic Dissimilarities
The different apparatuses used for the various measurements 
obtained in this study were each characterized by a different set of
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hydrodynamic conditions. Since the experimental results were strongly 
suggestive that the dissolution process was dlffusionally controlled, 
the hydrodynamic conditions would effect the various measurements.
For this reason, the correlation of the results obtained from each 
apparatus was limited to overall qualitative aspects.
CHAPTER VII
SUMMARY AND CONCLUSIONS
A series of alpha-phase solid solutions of oxygen and zirconium 
were synthesized and analyzed. The rates of dissolution, activation 
energies, dissolution potentials, and difference effect of these 
alloys were determined In hydrofluoric acid and hydrofluoric-1.0 N 
hydrochloric acid mixtures. The effect of hydrochloric acid and 
potassium chloride additions on the rates of dissolution, dissolution 
potentials, and difference effect was determined for zirconium sheet 
metal in hydrofluoric acid solutions.
The dissolution rates of both the free zirconium (l.e., not 
bound to oxygen) In the Zr-0 alloys and the zirconium sheet metal 
were determined from the rete at which hydrogen was liberated according 
to the stoichiometry of the equation:
Zr + 4HF -♦ ZrF4 + ZHa
The actual dissolution rates of the alloys were calculated from the 
stoichiometry of the equation:
ZrO^ + 4HF -* ZrP4 + xHaO + (2 - x)Ha 
end e knowledge of both the rates of hydrogen evolution end the oxygen 
contents of the alloys. The dissolution rate study rssulted In the 
following:
1. The zirconium-hydrofluoric a d d  reaction was found to be
first order with respect to the un-lonlzed HF end independent 
of the oxygen content of the metal (for 1.52 to 6.97% oxygen 
and 0,10 to 0.50 N HP st 30* C).
2. The activation energy Increased with Increasing oxygen content 
for the dissolution reaction In 0.20 N HF and a temperature 
range from 10 to 50“ C. (From 4.1 ± 0.1 kcal/mole for 1.527, 
oxygen to 5.2 ± 0.2 kcal/mole for 6.97% oxygen)
3. The actual dissolution rates decreased with Increasing oxygen 
content with the effect becoming more pronounced as the oxygen 
content, temperature, and hydrofluoric acid concentration 
Increased.
4. The dissolution rate of zirconium sheet metal In 0.20 N HF 
at 30 “ C was considerably Increased by additions of hydro­
chloric acid. Potassium chloride additions had little
If any effect on the rate. The rate Increased markedly with 
Increasing HCl concentration up to 2.0 N HCl then remained 
essentially constant.
5. Although the rates of dissolution of both the zirconium sheet 
metal and Zr-0 alloys In 0.10 N HF were greatly Increased 
when the solution was made 1.0 N with respect to hydrochloric 
acid, the order of the reaction and the activation energies 
were not altered.
The dissolution potentials were determined by measuring the emf 
of the cell:
Zr/HF, HF bridge (0.14 N), salt bridge (sat. KCl sol.),
1 N KCl, HgsCls/Hg
and reducing the measured potential of the zlrconlvim electrode to the 
hydrogen scale. The following results were obtained:
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1. The initial potentials (l.e.. Immediately after Immersion) 
of the alloys were very near the initial potential of the 
zirconium sheet metal. The potentials rapidly became more 
noble with time reaching essentially constant values In 
50-60 minutes. In general, the dissolution potential was 
more noble the higher the oxygen content.
2. Additions of hydrochloric acid caused the dissolution 
potential of zirconium sheet metal to shift to more noble 
values whereas potassium chloride additions caused shifts 
to slightly less noble values.
3. The effect of making the hydrofluoric acid solution 1.0 N 
with respect to hydrochloric acid on the dissolution 
potentials of Zr and Zr-0 alloys was merely to shift all 
potentials to more noble values. The relative positions 
end shapes of the potential-time curves were not affected.
The effect of anodic polarization on the rates of dissolution 
was determined by measuring the difference effect on the dissolution 
of Zr and Zr-0 alloys. This led to the following results:
1. Anodic currents have a very strong polarizing influence on 
the dissolution reaction.
2. The difference effect A  on the alloys dissolving In hydro­
fluoric acid was found to be proportional to the current 
density and Independent of the hydrofluoric acid concentration, 
or:
A  - K I
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The proportionality constant Increased slightly with 
Increasing oxygen content.
3. Additions of hydrochloric acid did not affect the linearity 
existing between the difference effect and current density 
for the sheet metal in hydrofluoric acid but did increase 
the proportionality constant relating the two.
4. Additions of potassium chloride affected the linearity of the 
difference effect versus current density plots for the sheet 
metal In hydrofluoric acid. The deviation from linearity 
Increased both with Increasing KCl concentration and Increas­
ing current density.
5. The difference effect on the Zr-0 alloys In hydrofluoric 
acid remained directly proportional to the current density 
when the solution was made 1.0 N with respect to hydrochloric 
acid. The proportionality constant Increased slightly with 
oxygen content as was observed In pure hydrofluoric acid.
The effect of the HCl was to shift all K's to higher values.
6. A fifty degree temperature change had no observable effect 
on the proportionality constant although both A  and I were 
observed to Increase slightly for the dissolution of the 
sheet metal In pure hydrofluoric acid.
7. Anodic currents appeared to cause a slight Increase In the 
activation energy of the dissolution of zirconium sheet 
metal In hydrofluoric acid.
The results of this investigation, coupled with earlier work on 
the zirconium-hydrofluoric acid reaction, strongly suggested that the 
slow step in the dissolution process Is the diffusion of un-lonlzed HF 
through effective diffusion layers to the metal surface. The diffusion 
rate theory supplemented with Langmuirs adsorption theory was found to 
explain the experimentally determined results.
A reaction mechanism for the dissolution process was proposed 
as follows:
1. The dissolution is Initiated by the attack of molecular HF 
on the protective surface oxide:
ZrOs + 4HF -» ZrF+ + ZHaO
2. Once the oxide Is removed and the active metal (the matrix.
In the case of the alloys) Is exposed, the reaction proceeds 
by:
(a) Zr + 4HF ZrF4 + 2Ha
(b) Zr + 2HaO -  ZrOg + 2Ha
(c) Zr + 4H"^  -*■ Zr** + 2Ha (electrochemical)
3. A portion of the hydrogen produced by these reactions gives 
rise to hydride formation, or:
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Zr + xH* ZrH
For the dissolution process in pure hydrofluoric acid, the electro­
chemical reaction makes only a minor contribution to the total 
production of hydrogen due to: (1) the low concentration of H"*" Ions, and 
(2) the absence of active sites. Furthermore, since the hydride forms 
very quickly and inhibits the Zr-HaO reaction, reaction (b) also makes 
only a minor contribution to the total production of hydrogen.
It is further postulated that oxygen in the metal does not affect 
the above mechanism. The free or unbound zirconium of the matrix 
reacts just as if there were no oxygen present. Since the overall 
dissolution process remains diffusionally controlled even with oxygen 
present, any decrease in the chemical reaction rates at the surface 
which may be caused by the presence of oxygen could not be observed.
The observed decrease in rate with oxygen content is due to the 
change of physical conditions at the metal-solution interface. As 
the metal matrix is dissolved a residue of Zr0 2 (?) is left on the 
surface and the diffuslonal barrier is increased.
The effect of hydrochloric acid additions on the dissolution of 
both zirconium and Zr-0 alloys in hydrofluoric acid is a result of 
an increase in the contribution of the electrochemical surface reaction. 
The H"** ion concentration is increased and the Cl" ion is adsorbed onto 
sites of exposed metal to give the active sites necessary for the 
electrochemical reaction. Thus, with HCl present, parallel reactions 
are occuring at the surface. Since the electrochemical reaction is 
Initiated by the adsorption of Cl” ions at sites of exposed metal, 
and these sites are in turn made available by the HF attack, the 
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The following is a complete list of the materials and reagents 
used in this investigation. A detailed analysis of the reagents may be 
obtained from the chemical catalogue of the respective supplier,
1 Acid, Hydrochloric. Reagent grade, meets ACS specifications. 
Allied Chemical Corporation, New York, N Y
2 Acid, Hydrofluoric Reagent grade, meets ACS specifications. 
Merck and Company, Rahway, N.J.
3. Acid, Oxalic. Reagent grade, meets ACS specifications.
Allied Chemical Corporation, New York, N.Y. (used for standardization 
of sodium hydroxide).
4. Mercury Chloride. Reagent grade, meets ACS specifications. 
Merck and Company, Rahway, N.J. (used for making calomel electrode).
5. Mercury. Technical. J.T. Baker Chemical Company, 
Phllllpsburg, N.J.
6. Potassium Chloride. Reagent grade, meets ACS specifications. 
Allied Chemical Corporation, New York, N.Y.
7. Sodium Hydroxide. Reagent grade, meets ACS specifications. 
Fisher Scientific Company, Fair Lawn, N.J. (used for standardization 
of acid solutions).
8. Zirconium Hydride, (powder) Grade C, Lot /Aj-2964 A-3.
Metals Hydrides Incorporated, Beverly, Mass. Typical analysis, %:
Zr, 95 min.; Hf, 2.5 max.; H, 1.9 min.; 0, 0.14 max,; Impurities, 
approx. 0.46.
9. Zirconium (powder), Grade A - Z, Lot #J2870A.
Metals Hydrides Incorporated, Beverly, Mass. Typical analysis, %:
Zr and Hf, 96 - 98; H, 0.1 - 0.3; Mg, 0.3 max.; Ca, 0.05 max.;
N, 0.2 max.; Fe, 0.2 max.; Si, 0.3 max.; Al, 0.3 max.; Tl, 0.3 nuix.; 
oxide balance.
10. Zirconium (sheet metal). Reactor Grade, U.S. Bureau of Mines, 
Northeast Electrochemical Laboratory, Albany, Oregon. Major Impurities, 
%: 0, 0.11; N, 0.005; Fe, 0,04; Hf, 0.01. After rolling, the zirconium 
was given a stress relief and annealing treatment in vacuum for thirty 
minutes at 700“ C. The zirconium sheet was approximately one- 
sixteenth of an Inch thick.
11. Zirconium Oxide (Anhydride). Reagent Grade, meets ACS 





The following Is a list of the principle components of the 
apparatuses used In this investigation.
Apparatus of the Measurement of the Dissolution Rates
1. Burette. Gas. Graduated from 0 to 100 ml In 0.2 ml 
divisions.
2. Flask. Distilling. Three-neck, 500 ml, center joint 34/45, 
side joints 24/40.
3. Heater Iiaperslon. Knife-blade type, 115 v, 500 w, ac. 
Centeral Scientific Co., Chicago, 111.
4. Motor. Stirrer (Reactor). Fultork Labmotor, 115 v, 60 c, 
ac. Fisher Scientific Co., Pittsburgh, Pa.
5. Stirrer (Water Bath). Pensky-martens Motor Stirrer, 115 v, 
60, ac. Fisher Scientific Co., Pittsburgh, Pa.
6. Switch. Relay. Type SR600A, 115 v, ac. Philadelphia 
Scientific Glass, Quakertown, Pa.
7. Thermoregulator. Type SE-712. Philadelphia Scientific 
Glass, Quakertown, Pa.
Apparatus for the Measurement of Dissolution Potentials
1. Ammeter. Model 931. Weston Electric Instrument Corporation, 
Newark, N. J.
2. Cells. Dry. General purpose, 1.5 v.
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3. Galvanometer. No. 2420C. Leeds and Northrup Co., 
Philadelphia, Pa.
4. Heater. Immersion. Knife-blade type, 115 v, 500 w, ac. 
Centeral Scientific Co., Chicago, 111.
5. Motor. Stirrer (Reactor). Fultork Labmotor, 115 v, 60 c, 
ac. Fisher Scientific Co., Pittsburgh, Pa.
6. Motor. Stirrer (Water Bath). Sargent cone-drive stirring 
motor, 115 v, 60 c, ac. E.H. Sargent and Co., Chicago, 111.
7. Potentlometer. No. 7651. Leeds and Northrup Co., 
Philadelphia, Pa.
8. Resistance Box. Graduated form 0 to 999.9 ohms in 0.1 ohm 
divisions. Centeral Scientific Co., Chicago, 111.
9. Standard Cell. Eplab Students' Cell. The Eppley Laboratory, 
Inc., Newport, R.I.
10. Switch. Relay. Type SR600A, 115 v, ac. Philadelphia 
Scientific Glass, Quakertown, Pa.
11. Thermoregulator. Type SE-712. Philadelphia Scientific 
Glass, Quakertown, Pa.
Apparatus for the Measurement of the Difference Effect
1. Ammeter. Model 931. Weston Electric Instrument Corporation, 
Newark, N. J.
2. Battery. Storage. Six-volt.
3. Burette. Gas. Graduated from 0 to 100 ml In 0.1 ml divisions.
4. Flask. Distilling. Three-neck, 500 ml, center joint 34/45, 
side joints 24/40.
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5. Heater. Imnersion. Knife-blade type, 115 v, 500 w, ac. 
Centeral Scientific Co., Chicago, 111.
6. Motor. Stirrer (Reactor). Sargent cone-driving stirring 
motor, 115 v, 60 c, ac. E.H. Sargent and Co., Chicago, 111.
7. Motor. Stirrer (Water Bath). No. 18835, 115 v, 60 c, ac. 
Centeral Scientific Co., New York, N. Y.
8. Resistance Box. Graduated from 0 to 9999 ohms in 1 ohm 
divisions. Centeral Scientific Co., Chicago, 111.
9. Switch. Relay. Six v, dc. Struthers-Dunn, Inc., 
Philadelphia, Pa.
10. Thermoregulator. Mercural type. Made by Dr. T. Ejlma, 
Metallurgy Dept., Missouri School of Mines and Metallurgy, Rolla, Mo.
Miscellaneous Equipment
1. Beakers. Polyethylene. 250 and 600 ml capacity.
2. Burette. Polystyrene. Graduated from 0 to 50 ml In 0.1 
ml divisions.
3. Cylinder. Graduated. Polyethylene. Graduated from 0 to 300 




The methods and techniques employed in the Experimental Chapter 
have been used by earlier investigators therefore
cannot be considered as new. On the other hand, the procedures are 
not standardized to the extent that they could be considered as 
comnon knowledge. Therefore, a description sufficient for duplication 
is given in this appendix for the three phases of investigation.
Dissolution Rates
The following is a stepwise procedure for the determination of 
the dissolution rates using the apparatus shown in Figure 3, page 21 •
1. The constant temperature water bath is brought to the pre­
determined test temperature. This involves: (a) pre-setting 
the thermoregulator to maintain the desired test temperature,
(b) activating the thermoregulator circuit by plugging the 
extension cord from the relay into a 115 volt ac source, and
(c) turning on the water bath stirrer and cooling water.
2*. Remove the mercury seal (this includes the FVC stirrer foot) 
and introduce 300 ml of hydrofluoric acid (or acid mixture) 
of known concentration into the wax-lined reactor flask.
3. While waiting for the acid to come to bath temperature (at 
least one hour should be allowed), the mounted and prepared 
^pecimen is attached to the PVC foot with beeswax. The gas 
burette is adjusted to the zero mark and the vent to the
atmosphere (stopcock J of Figure 3) is opened. All the 
ground glass joints should be inspected and periodically 
regreased with stopcock grease to insure gas-tight seals.
4. Once the acid media has attained the test temperature, the 
following procedure is employed: (a) the mercury seal 
(with specimen) is Inserted into the flask, (b) the drive 
belt for the reactor stirrer is slipped over the pulley and 
the stirrer motor is turned on, (c) the stopcock at point
J is closed and the stopwatch started, and (d) the room 
temperature and pressure is recorded.
5. The leveling bulb is synchronously lowered with the water 
level in the gas burette so that the reaction proceeds at 
atmospheric pressure. At predetermined time intervals, 
readings from the gas burette are recorded.
6. At the conclusion of the run the specimen is removed and 
washed with distilled water. The temperature and pressure 
of the room is again recorded.
7. The reacted specimen is examined with a microscope and any 
marked change in its appearance is recorded (salt formations, 
films, pitting, etc.).
8. The acid in the reactor is removed and the flask washed thor­
oughly with distilled water. The apparatus is now ready for 
additional runs at the same temperature. For runs at a 
different temperature the thermoregulator is pre-set for 
the new temperature and then the above procedure is repeated.
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Dissolution Potentials
Tbe following is a stepwise procedure for the determination of 
the dissolution potentials using the apparatus shown in Figure 13, 
page 49.
1. The constant temperature water bath is brought to 25® C (this 
temperature was used for all potential measurements) by: (a) 
pre-setting the thermoregulator at 25® C, (b) activating the 
thermoregulator circuit by plugging the extension cord from 
the relay into a 115 volt ac source, and (c) turning on the 
water bath stirrer and cooling water.
2. The mounted and prepared specimen electrode is connected to
the external circuit and held above the beaker (out of solution) 
by means of a ring stand and clamp. The double-throw switch 
is opened and any solution in the wax-lined reaction beaker 
is removed. The three-way stopcock on the auxiliary hydro­
fluoric acid bridge is opened to allow the acid In the 
reservoir to completely flush the capillary tip (caution: 
check to make sure there are no gas bubbles trapped in the 
capillary). The stopcock Is closed and the reaction beaker 
Is washed with distilled water.
3. Place 300 ml of hydrofluoric acid (or acid mixture) of known 
concentration In the reaction beaker. Start the reactor 
stirrer and allow at least 30 minutes for the acid medlis to 
reach bath temperature (25® C).
4. Adjust the potentiometer to the voltage of the Weston 
standard cell by: (a) closing the double-throw switch so
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as to connect the standard cell, and (b) varying the 
resistance (by laeans of the external resistance box) 
until the galvanometer registers no deflection when the 
key-switch is tapped. Open the double throw switch.
5. !nie following steps are carried out in the order listed
and as quickly as possible; (a) the specimen Is lowered into 
the acid media and positioned so that the capillary tip 
just touches the lower edge of the specimen, (b) turn the 
three-way stopcock so as to connect the specimen half-cell 
to the saturated potassium chloride salt bridge, (c) close 
the double-throw switch toward the circuit containing the 
specloien, (d) start the stopwatch, and (d) as soon as the 
potentiometer can be adjusted, record the first potentiometer 
reading.
6. Readings are recorded at predetermined time Intervals (all 
intervals were 10 minutes In this study) • Just prior to each 
reading the double-throw switch Is opened and reclosed to the 
standard cell circuit so that the potentiometer can be 
readjusted.
7. At the end of a run, the speclsien-electrode is removed, 
washed with distilled water, and carefully examined. The 
condition of the electrode surface is recorded.
8. The three-way stopcock Is closed and the reactor stirrer 
turned off. The acid Is removed and the reaction beaker 





The following is a stepwise procedure for the determination 
of the difference effect using the apparatus shown in Figure 18, 
page 64.
1. The constant tenq>erature water bath is brought to the pre­
determined test tenq>erature. This involves: (a) pre-setting 
the thermoregulator to maintain the desired test temperature,
(b) activating the thermoregulator circuit by plugging the 
extension cord from the relay into a 115 volt ac source, and
(c) turning on the water bath stirrer and cooling water.
2. The specimen-platinum electrode assembly (consisting of a 
female ground-glass fitting for the flask and sealed at the 
top with a two-holed rubber stopper which holds the electrodes) 
Is removed and the reaction vessel washed with distilled water.
3. Place 300 ml of hydrofluoric acid (or acid mixture) of known 
concentration in the wax-lined reaction flask. Turn on the 
reactor stirrer (which rotates at 200 rpm) and allow at least 
one hour for the system to reach thermal equilibrium.
4* While waiting for the acid to come to bath temperature the 
electrode assembly is prepared. A specimen electrode with a 
freshly prepared surface is mounted parallel to the platlnlzed- 
platlnum electrode at a distance of 5.0 mn. The distance 
between the electrodes is measured with a sharp divider. The 
platinum surface is inspected before each run and re-platinized 
if necessary. The electrodes are sealed in place with wax 
and the glass sleeves (holding the leads) are waxed to prevent
etching by the acid. Adjust the gas burette to some initial 
starting point and record this as the burette reading at 
zero time. The three-way stopcock is opened so that the 
reaction vessel is vented to the atmosphere.
5. Once the acid media has attained the test temperature, the 
following procedure is employed: (a) the electrode assembly 
is introduced into the reaction flask and the electrodes are 
connected into the ammeter circuit (the knife-blade switch in 
the ammeter circuit should be open), (b) the three-way stopcock 
is turned to connect the closed reaction flask to the gas 
burette and the stopwatch started, and (c) the room temperature 
and pressure is recorded.
6. The leveling bulb is synchronously lowered with the water 
level in the gas burette so that the reaction proceeds at 
atmospheric pressure. At predetermined time intervals, 
readings from the gas burette are recorded. The recording of 
these readings is continued for the duration of the run 
whether or not the ammeter circuit is open or closed.
7. At periodic intervals during the dissolution process the 
ammeter circuit is completed by closing the knife-blade 
switch. The current flow is adjusted by varying the resistance 
of the resistance box in the ammeter circuit. The magnitude
of the current is so adjusted that during the course of the 
run the entire range of current (for a particular set of test 
conditions) has been covered by five or more current Increments. 
Normally, two consecutive burette readings are recorded with
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no current flowing and then two consecutive burette readings 
(at the same time interval) are recorded with current flowing. 
The ammeter reading is recorded or, at high current densities 
where the ammeter fluctuates, an average anineter reading is 
recorded. The exact manner in which the current is varied 
is left to the discretion of the investigator. The end 
result however, must be a record of the effect of a series 
of known current densities on the rate of dissolution. The 
last two or more readings are always taken with no current 
flowing.
8. At the termination of the run, the reactor stirrer is turned 
off and the electrode assembly removed and disconnected. The 
electrodes are washed with distilled water and the specimen 
surface is examined. Any change in the appearance of the 
sample is recorded. The platinum electrode is kept submerged 
in a beaker of distilled water until the next run. The acid 
is removed from the reactor flask and the flask washed with 
distilled water.
The velocity of the acid across the specimen surface affects the 
observed rate of hydrogen evolution in the difference effect apparatus 
just as it did in the apparatus used for determining dissolution rates 
(see page 22). For this reason, and to eliminate inconsistencies 
between runs, the electrodes should always be placed in the same relative 




EXAMPLE DATA SHEET FOR THE DISSOLUTION RATE STUDY
TABLE XX
Dissolution of 1.52% Oxygen Alloy in 0. 20 N HF at 30" C (Area = 1.15 cm®)
Run No. 1 Initial Temp. = 24.6® C Initial Press . = 736.8 mm Hg
Final Temp. = 25.0° C Final. Press . = 736.8 mm Hg
Avg. Temp. = 24.8“ C Avg. Press . = 736.8 mm Hg
Time Burette Reading ‘"'^ STP Rate
min ml ml ml ml* cm”®* min'•1
0 0.00 • - . . . .
3 3.20 3.20 2.74 0.794
6 6.10 2.90 2.49 0.722*
9 9.30 3.20 2.74 0.794*
12 12.50 3.20 2.74 0.794*
15 15.60 3.10 2.66 0.771*
18 18.60 3.00 2.57 0.745*
Run No. 2 Initial Temp. = 25.2* C Initial. Press . =5 737.2 mm Hg
Final Temp. = 24.8“ C Final. Press . = 737.0 mm Hg
Avg. Temp. = 25.0" c Avg. Press . = 737.1 mm Hg
Time Burette Reading STP Rate
min ml ml ml ml *cm"® •min"•1
0 0.00 . . . .
3 3.40 3.40 2.91 0.844
6 6.40 3.00 2.57 0.745*
9 9.60 3.20 2.74 0.794*
12 12.90 3.30 2.82 0.818*
15 15.90 3.00 2.57 0.745*
18 18.80 2.90 2.48 0.719*
Average Maximum Rate for Combined Runs 23 0.764 ml* cm"®-mln"^
*VaIues averaged to get average maximum rate
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TABLE XXI
DIFFERENCE EFFECT ON THE 4.04% OXYGEN ALLOY DISSOLVING IN
0.25 N HYDROFLUORIC ACID AT 25“ C
Specimen Area = 
Avg. Room Temp. =» 




Time Vol. dV dVSTP I dVi dV^ 6.97 I A
min ml ml mm^ ma nm® mm^ mm® mm®
cm^min cmP cm^min cm^min crn^min cm^min
0 6.00 mm mm —  — M —
5 8.20 2.20 345.8 0
10 10.50 2.30 361.6 0
15 12.55 2.05 322.3 9.76
20 14.70 2.15 338.0 9.76 357.6 330.1 68.0 95.5
25 17.00 2.30 361.6 0
30 19.30 2.30 361.6 0
35 21.50 2.20 345.8 9.86
40 23.70 2.20 345.8 9.86 361.6 345.8 68.7 84.5
45 26.10 2.40 377.3 0
50 28.30 2.20 345.8 0
55 30.40 2.10 330.1 9.48
60 32.50 2.10 330.1 9.48 341.9 330.1 66.1 77.9
65 34.50 2.00 314.4 0
70 36.60 2.10 330.1 0
75 38.50 1.90 298.7 8.92
80 40.40 1.90 298.7 8.92 322.3 298.7 62.2 85.8
85 42.50 2.10 330.1 0
90 44.50 2.00 314.4 0
95 46.30 1.80 283.0 10.42
100 48.30 2.00 314.4 10.42 318.4 298.7 72.6 92.3
105 50.30 2.00 314.4 0
110 52.30 2.00 314.4 0
TABLE XXII
DIFFERENCE EFFECT ON THE Zr-0 ALLOYS DISSOLVING IN
0.25 N HYDROFLUORIC ACID AT 25" C
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4.04% Oxygen 5.13% Oxygen 6.487* Oxygen
Area = 1.06 cm® 
T = 28.2“ C 
P = 733.1 mm Hg
Area = 1.04 cm® 
T = 31.0“ C 
P = 732.1 mm Hg
Area = 1.02 cm® 
T = 30.1“ C 















0 6.00 6.00 • . 6.00 • •
5 8.20 0 8.50 0 8.00 0
10 10.50 0 10.90 0 10.00 0
15 12.55 10.3 13.30 9.9 11.80 10.0
20 14.70 10.4 15.60 10.1 13.60 10.0
25 17.00 0 18.20 0 15.80 0
30 19.30 0 20.80 0 17.70 0
35 21.50 10.4 23.00 9.7 19.60 9.3
40 23.70 10.5 25.40 9.8 21.30 9.4
45 26.10 0 27.90 0 23.40 0
50 28.30 0 30.50 0 25.30 0
55 30.40 10.0 32.60 11.4 27.10 10.7
60 32.50 10.1 34.80 11.6 28.80 10.7
65 34.50 0 37.20 0 30.80 0
70 36.60 0 39.60 0 32.65 0
75 38.50 9.4 41.60 9.5 32.45 8.8
80 40.40 9.5 43.70 9.5 36.10 8.9
85 42.50 0 45.90 0 38.10 0
90 44.50 0 48.00 0 40.00 0
95 46.30 11.0 50.00 11.2 41.65 10.2
100 48.30 11.1 51.90 11.3 45.30 0
105 50.30 0 54.20 0 45.30 0
110 52.30 0 56.20 0 47.10 0
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TABLE XXIII
DIFFERENCE EFFECT (Ml THE Zr-0 ALLOYS DISSOLVING IN
0.50 N HYDROFLUORIC ACID AT 25“ C
4.04% Oxygen 5.13% Oxygen 6.48% Oxygen
Area = 1.06 cm® 
T = 28.2“ C 
P = 733.1 Iran Hg
Area = 1.04 cm® 
T = 31.0“ C 
P = 732.1 mm Hg
Area = 1.02 cm® 
T = 30.1“ C 















0 6.00 «.«. 6.00 6.00 •  -
5 11.00 0 11.50 0 10.60 0
10 16.10 0 17.00 0 15.10 0
15 20.90 18.1 22.30 19.4 19.30 17.9
20 25.70 18.3 27.50 19.4 23.50 17.9
25 30.80 0 33.00 0 28.10 0
30 35.90 0 38.60 0 32.50 0
35 40.70 16.4 43.90 18.1 36.70 16.2
40 45.50 16.4 49.10 18.3 40.80 16.2
45 50.50 0 54.60 0 45.10 0
50 55.60 0 60.00 0 49.50 0
55 60.40 14.7 65.20 15.9 53.60 13.4
60 65.10 14.9 70.40 15.9 57.70 13.6
65 70.10 0 75.90 0 62.00 0
70 75.00 0 81.20 0 66.20 0
75 79.70 12.0 86.30 13.6 70.20 12.1
80 84.40 12.0 91.50 13.6 74.20 12.1
85 89.30 0 96.70 0 78.40 0
90 94.20 0 102.00 0 82.60 0
95 98.80 18.8 106.90 19.1 86.20 18.0
100 103.40 18.8 111.90 19.0 90.20 18.0
105 108.20 0 117.20 0 94.30 0
110 113.00 0 122.30 0 98.30 0
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TABLE XXIV
DIFFERENCE EFFECT ON THE Zr-0 ALLOYS DISSOLVING IN
0.75 N HYDROFLUORIC ACID AT 25" C
4.047o Oxygen 5.13% Oxygen 6.48% Oxygen
Area = 1.06 cm^ 
T = 29.6® C 
P » 731.4 mm Hg
Area = 

























0 6.00 6.00 8.40
2 9.40 0 9.10 0 11.80 0
4 12.80 0 12.10 0 15.30 0
6 16.00 19.3 14.90 24.8 18.50 25.0
8 19.60 19.5 17.90 25.0 21.80 25.0
10 23.30 0 20.90 0 25.30 0
12 27.00 0 23.90 0 28.60 0
14 30.70 16.5 26.60 21.5 31.80 21.5
16 34.30 16.5 29.50 21.5 35.00 21.7
18 38.00 0 32,50 0 38.40 0
20 41.80 0 35.40 0 41.70 0
22 45.40 15.2 38.20 18.2 44.80 18.5
24 49.10 15.2 41.00 18.2 47.90 18.5
26 52.90 0 44.00 0 51.00 0
28 56.70 0 46.80 0 54.20 0
30 60.30 22.5 49.60 16.6 57.30 16.6
32 64.00 22.5 52.40 16.4 60.30 16.7
34 67.80 0 55.30 0 63.50 0
36 71.60 0 58.20 0 66.60 0
38 75.30 19.7 61.00 12.5 69.70 12.3
40 78.90 19.8 63.70 12.5 72.70 12.4
42 82.70 0 66.60 0 75.90 0
44 86.30 0 69.50 0 78.90 0
TABLE XXIV (continued)
142
4.04% Oxygen 5.13% Oxygen 6.48% Oxygen
Area = 1.06 cm® Area = 1.04 cm^ Area = 1.02 cm^
T = 29. 6" C T = 29.4® C T = 28. 7® C
P = 731 •4 mm Hg P = 731 .5 mm Hg P - 731 •0 mm Hg
Time Volume Ammeter Volume Ammeter Volume Ammeter
min ml ma ml ma ml ma
46 89.90 16.5 72.30 17.5 81.80 17.5
48 93.50 16.5 75.20 17.5 84.90 17.5
50 97.20 0 78.10 0 88.00 0
52 100.80 0 81.10 0 91.00 0
54 104.30 17.8 83.90 19.7 93.80 19.2
56 107.60 17.8 86.80 19.8 96.60 19.2
58 110.80 0 89.90 0 99.50 0
60 114.20 0 92.90 0 102.30 0
62 117.30 20.0 95.80 21.5 105.10 21.9
64 120.40 20.3 98.60 22.0 107.90 22.0
66 123.40 0 101.60 0 110.90 0
68 126.70 0 104.70 0 113.70 0
70 129.90 21.0 107.50 23.8 116.30 23.8
72 132.90 21.0 110.30 23.8 119.00 24.0
74 136.30 0 113.40 0 121.80 0
76 139.70 0 116.30 0 124.60 0
78 142.70 23.0 119.10 25.0 127.20 25.0
80 145.70 23.0 122.00 25.0 129.90 25.1
82 148.70 0 125.00 0 132.70 0
84 151.80 0 128.00 0 135.50 0
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TABLE XXV
DIFFERENCE EFFECT ON ZIRCONIUM DISSOLVING IN 0.25 N HYDROFLUORIC-
DILUTE HYDROCHLORIC ACID MIXTURES AT 25" C
0.10 N HCl 0.25 N HCl 0.50 N HCl
Area = 4.00 cm^ Area s 4 .00 cm^ Area = 4.00 cm^
T = 29.0 C T = 28.9 C T = 31.5 C
P = 738.5 mm Hg P = 739. 0 mm Hg P = 738 .0 mm Hg
Time Volume Ammeter Volume iAmmeter Volume Ammeter
min ml ma ml ma ml ma
0 9.30 9.50 9.50
2 12.90 0 13.50 0 13.60 0
4 16.50 0 17.50 0 17.80 0
6 19.90 16.3 21.40 17.5 21.70 18.0
8 23.40 16.3 25.30 17.5 25.70 18.0
10 27.00 0 29.30 0 29.80 0
12 30.40 0 33.30 0 33.90 0
14 33.70 23.1 37.00 25.0 37.70 26.0
16 37.10 23.1 40.80 25.0 41.50 26.0
18 40.60 0 44.60 0 45.50 0
20 44.00 0 48.60 0 49.30 0
22 47.20 39.1 52.20 44.1 52.70 47.5
24 50.40 39.1 55.80 44.5 56.10 48.0
26 53.80 0 59.70 0 59.90 0
28 57.20 0 63.50 0 63.60 0
30 60.20 74.0 66.90 57.8 66.80 64.0
32 63.15 74.0 70.30 57.1 70.00 64.4
34 66.50 0 74.20 0 73.90 0
36 69.80 0 77.90 0 77.60 0
38 72.60 *97 80.90 *96 80,50 *110
40 75.30 *95 84.10 *96 83.60 *110
42 78.50 0 88.00 0 87.40 0
44 81.70 0 91.70 0 91.10 0
TABLE XXV (continued)
14A
0.10 N HCl 0.25 N HCl 0.75 N HCl
Area = 4.00 cm® Area = 4.00 cm® Area = 4.00 cm®
T = 29. 0" C T = 28. 9" C T = 31. 5“ C
P = 738.5 mm Hg P = 739 .0 mm Hg P =s 738.0 mm Hg
Time Volume Ammeter Volume Ammeter Volume Amneter
min ml ma ml ma ml ma
46 84.80 19.5 95.20 20.0 94.60 21.2
48 88.00 19.5 98.80 20.0 98.10 21.2
50 91.30 0 102.50 0 101.90 0
52 94.50 0 106.10 0 105.40 0
54 97.50 29.2 109.50 31.1 108.80 33.5
56 100.50 29.5 112.90 31.3 112.20 33.5
58 103.60 0 116.50 0 115.70 0
60 106.70 0 120.00 0 119.20 0
62 109.50 49.9 123.30 46.5 122.30 51.6
64 112.30 50.1 126.40 47.0 125.20 52.0
66 115.30 0 129.90 0 128.70 0
68 118.30 0 133.40 0 132.10 0
70 120.90 60.0 136.40 69.0 134.90 79.0
72 123.40 60.8 139.40 70.0 137.60 80.0
74 126.00 0 142.80 0 141.10 0
76 128.90 0 146.30 0 144.40 0
78 131.20 149.00 ^ 6 146.70 *104
80 133.50 151.80 a«4 149.20 *100
82 136.20 0 155.20 0 152.20 0
84 139.10 0 158.50 0 155.50 0
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TABLE XXVI
DIFFERENCE EFFECT ON ZIRCONIUM DISSOLVING IN 0.25 N HYDROFLUORIC­
CONCENTRATED HYDROCHLORIC ACID MIXTURES AT 25" C
1.00 N HCl 2.00 N HCl 4.00 N HCl
Area = 4.00 cm^ Area = 4.00 cm® Area s 4.00 cm®
T = 30. 8" C T = 30. 7" C T = 29. 3" C
P = 741 .5 mm Hg P = 733.5 mm Hg P = 7351.5 mm Hg
Time Volume Amneter Volume Ammeter Volume Ammeter
min ml ma ml ma ml ma
0 6.00 10.60 _ 6.00
2 10.80 0 15.80 0 11.30 0
4 15.70 0 20.90 0 16.70 0
6 20.40 20.1 25.60 48.0 21.70 46.5
8 25.10 20.1 30.30 48.0 26.60 46.5
10 30.00 0 35.30 0 32.00 0
12 34.90 0 40.40 0 37.30 0
14 39.40 28.4 44.90 57.0 42.00 62.0
16 44.10 28.4 49.50 57.2 46.70 62.5
18 49.00 0 54.40 0 51.80 0
20 53.80 0 59.30 0 56.90 0
22 58.00 52.0 63.60 67.8 61.20 *106
24 62.40 52.4 67.60 70.0 65.40 *108
26 67.20 0 72.40 0 70.40 0
28 71.90 0 77.20 0 75.40 0
30 76.00 71.0 81.20 92.5 79.00 50.0
32 80.10 71.0 85.30 92.5 82.60 50.0
34 84.90 0 90.20 0 87.50 0
36 89.60 0 94.70 0 92.30 0
38 93.10 *118 97.90 *137 96.70 54.5
40 96.80 *118 101.40 *138 101.10 54.5
42 101.50 0 106.10 0 105.90 0
44 106.10 0 110.60 0 110.70 0
TABLE XXVI (continued)
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1.00 N HCl 2.00 N HCl 4.00 N HCl
Area = 4.00 Area = 4.00 cm^ Area = 4.00 cm®
T = 30. 8" C T = 30. 7® C T = 29. 3" C
P = 741 .5 mm Hg P = 733 ,5 mm Hg P = 735.5 mm Hg
Time Volume Ammeter Volume Ammeter Volume Ammeter
min ml ma ml ma ml ma
46 110.50 22.0 114.70 51.0 115.00 54.5
48 115.00 22.0 118.90 51.0 119.00 54.5
50 119.70 0 123.30 0 123.60 0
52 124.30 0 127.90 0 128.20 0
54 128.50 36.4 131.90 58.2 132.20 67.2
56 132.80 36.4 135.90 57.8 136.20 67.2
58 137.30 0 140.30 0 140.70 0
60 141.80 0 144.70 0 145.20 0
62 145.70 59.0 148.40 69.0 149.20 82.8
64 149.70 59.0 152.10 68.5 153.20 82.8
66 154.30 0 156.50 0 157.60 0
68 158.70 0 160.70 0 162.20 0
70 162.40 88.0 164.10 97.0 165.40 *102
72 166.10 88.4 167.50 98.0 168.80 *103
74 170.50 0 171.70 0 173.20 0
76 174.90 0 176.00 0 177.50 0
78 178.10 *110 179.20 *120 181.00 78.0
80 181.40 *114 182.40 *120 184.60 78.0
82 185.70 0 186.60 0 188.90 0
84 190.00 0 190.90 0 193.30 0
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TABLE XXVII
DIFFERENCE EFFECT ON ZIRCONIUM DISSOLVING IN 0.25 N HYDROFLUORIC
ACID - POTASSIUM CHLORIDE SOLUTIONS AT 25" C
0.25 N KCl 0.50 N KCl 0.75 N KCl 1.00 N KCl
Area = 4.00 cin^ Area = 4.00 cm® Area = 4.00 cm® Area = 4.00 cm®
T = 27. 6" C T = 27..2" C T = 29. 5" C T = 29.,0" C
P = 737 .^5 mm Hg P = 735.3 mm Hg P =« 734.8 mm Hg P = 734.8 mm Hg
Time Volume Ammeter Volume Ammeter Volume Amneter Volume Ammeter
min ml ma ml ma ml ma ml ma
0 6.00 mm mm 10.30  ^_ 6.00 w  mm 10.20
3 10.50 0 14.80 0 10.70 0 14.70 0
6 14.90 0 19.20 0 15.50 0 19.20 0
9 19.30 16.3 23.70 15.8 20.20 37.0 23.70 37.2
12 23.70 16.3 28.20 15.8 25.00 36.5 27.90 37.6
15 28.10 0 32.80 0 29.80 0 32.50 0
18 32.60 0 37.40 0 34.50 0 36.80 0
21 37.00 23.0 41.90 22.0 39.20 42.0 41.10 46.5
24 41.30 23.0 46.25 22.0 43.80 42.0 45.40 46.5
27 45.70 0 50.65 0 48.40 0 49.60 0
30 50.10 0 55.00 0 53.00 0 53.80 0
33 54.40 38.4 59.40 36.7 57.40 48.7 57.80 54.0
36 58.60 38.4 63.60 36.9 61.80 48.7 61.80 54.5
39 62.90 0 67.90 0 66.20 0 66.10 0
42 67.30 0 72.20 0 70.60 0 70.10 0
45 71.40 46.1 76.50 44.5 74.60 58.0 73.80 66.0
48 75.40 46.3 80.60 45.0 78.70 59.0 77.50 67.0
51 79.70 0 84.80 0 83.20 0 81.60 0
54 84.00 0 88.80 0 87.60 0 85.70 0
57 87.80 64.0 92.80 63.5 91.40 70.0 88.30 *88
60 91.70 65.0 96.80 64.5 95.30 71.0 90.60 *86
63 95.90 0 101.00 0 99.60 0 94.90 0
66 101.10 0 105.10 0 103.80 0 98.90 0
TABLE XXVII (continued)
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0.25 N KCl 0.50 N KCl 0.75 N KCl 1.00 N KCl
Area = 4.00 cni^ Area = 4.00 cm® Area = 4.00 cm® Area = 4.00 cm®
T = 27,,6" C T = 27 .2" C T = 29..5" C T = 29. 0" C
P = 737.5 mn Hg P = 735.3 mm Hg P = 734.8 mm Hg P =s 734.8 mn Hg
Time Volume Amneter Volume Amneter Volume Ammeter Volume Amneter
min ml ma ml ma ml ma ml ma
69 104.50 88.8 108.50 *92 107.00 *86 102.70 39.0
72 108.00 88.3 111.50 *92 109.30 *82 106.50 39.0
75 112.30 0 115.70 0 113.60 0 110.20 0
78 116.50 0 119.60 0 117.70 0 113.90 0
81 120.40 42.2 123.50 43.0 121.40 47.5 117.40 44.5
84 124.30 42.4 127.40 43.5 125.20 47.0 121.00 44.7
87 128.40 0 131.30 0 129.30 0 124.60 0
90 132.40 0 135.20 0 133.20 0 128.30 0
93 136.20 61.0 138.90 63.5 136.80 60.0 131.60 49.0
96 139.90 61.0 142.50 64.5 140.40 61.0 135.00 50.0
99 U3.90 0 146.40 0 144.20 0 138.50 0
102 147.90 0 150,10 0 147.90 0 142.00 0
105 151.50 72.0 153.60 74.0 151.00 78.0 145.20 67.0
108 155.10 72.5 156.90 75.0 153.90 79.0 148.20 68.0
111 159.00 0 160.60 0 157.70 0 151.60 0
114 162.90 0 164.30 0 161.50 0 155.00 0
117 166.00 96.0 167.50 *84 164.10 *80 157.90 *74
120 169.00 97.0 170.20 *83 166.30 *62 160.30 *73
123 172.80 0 173.90 0 170.10 0 163.80 0
126 176.40 0 177.60 0 173,80 0 167.00 0
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TABLE XXVIII
DIFFERENCE EFFECT ON THE Zr-0 ALLOYS DISSOLVING IN
0.25 N HF - 1.00 N HCl ACID MIXTURES AT 25" C
1.52% Oxygen 2.96% Oxygen 4.87% Oxygen 7.01% Oxygen
Area = 1.15 cm® Area = 1.30 cm® Area = 1.05 cm® Area = 1.04 cm®
T = 26.7" C T = 29.5" C T = 28.6" C T = 25.1" C
P = 725.2 mm Hg P = 731.5 mm Hg P = 735.4 mm Hg P = 730.9 mm Hg
Time Volume Ammeter Volume Ammeter Volume Ammeter Volume Ammeter 
min ml ma ml ma ml ma ml ma
0 6.00 — 4.00 -- 6.00 — 10.40 —
2.5 7.60 0 5.10 0 7.60 0 11.70 0
5.0 9.40 0 6.30 0 8.90 0 13.00 0
7.5 10.90 *36 7.60 0 9.80 *32 14.00 19.5
10.0 12.50 *36 8.50 0 10.60 *32 15.10 19.5
12.5 14.35 0 8.90 *34 11.90 0 16.40 0
15.0 16.20 0 9.50 *35 13.10 0 17.70 0
17.5 17.70 27.5 10.10 *32 14.10 20.0 18.90 15.1
20.0 19.30 27.5 11.60 0 15.10 20.0 20.10 15.1
22.5 21.15 0 13.30 0 16.40 0 21.40 0
25.0 22.90 0 15.00 0 17.70 0 22.70 0
27.5 24.50 20.0 16.40 20.0 18.90 10.0 23.80 9.7
30.0 26.00 20.0 17.90 20.0 20.00 10.0 24.80 9.7
32.5 27.70 0 19.50 0 21.30 0 26.00 0
35.0 29.40 0 21.30 0 22.60 0 27.30 0
37.5 30.90 12.0 22.75 10.0 23.80 5.0 28.50 5.0
40.0 32.40 12.0 24.20 10.0 25.00 5.0 29.80 5.0
42.5 34.00 0 25.80 0 26.20 0 31.10 0
45.0 36.65 0 27.20 0 27.50 0 32.40 0
47.5 37.15 6.4 28.60 5.0 28,40 26.0 33.10 *31
50.0 38.70 6.4 30.00 5.0 29.30 26.0 33.80 *31
52.5 40.30 0 31.50 0 30.60 0 35.10 0











DIFFERENCE EFFECT ON THE Zr-0 ALLOYS DISSOLVING IN
0.50 N HF - 1.00 N HCl ACID MIXTURES AT 25" C
1.52% Oxygen 2.96% Oxygen 4.87% Oxygen 7.01% Oxygen
Area = lel5 cm^ Area = 1.30 cm® Area = 1.05 cm® Area = 1.04 cm®
T = 28. 8" C T = 31.6" C T = 29. 3" C T = 26.0" C
P = 7291.3 mn Hg P = 731 .4 mm Hg P = 730.6 mm Hg P = 730.5 mm Hg
Time Volume Ammeter Volume Ammeter Volume Ammeter Volume Ammeter
min ml ma ml ma ml ma ml ma
0 6.00 . . 21.10 mm mm 6.00 6.00
2 8.80 0 24.50 0 8.80 0 8.90 0
4 11.60 0 27.30 0 11.60 0 11.90 0
6 13.90 58.0 29.60 52.0 14.00 40.0 14.40 *41
8 16.40 58.0 32.00 52.0 16.40 40.0 16.90 *41
10 19.40 0 34.60 52.0 19.30 0 19.60 0
12 22.30 0 37.60 0 22.20 0 22.30 0
14 24.90 46.0 40.50 0 24.80 29.0 24.70 31.0
16 27.40 46.0 43.20 39.0 27.30 29.0 27.00 31.0
18 30.30 0 45.70 39.0 30.10 0 29.60 0
20 33.20 0 48.20 39.0 32.80 0 32.10 0
22 35.90 36.0 51.20 0 35.30 21.0 34.40 20.0
24 38.70 36.0 54.00 0 37.80 21.0 36.70 20.0
26 41.70 0 56.60 20.0 40.50 0 39.2Q 0
28 44.70 0 59.20 20.0 43.20 0 41.70 0
30 47.60 25.0 62.10 0 45.70 15.0 44.00 10.0
32 50.40 25.0 65.00 0 48.20 15.0 46.40 10.0
34 53.40 0 67.70 10.0 50.90 0 48.90 0
36 56.50 0 70.50 10.0 53.60 0 51.40 0
38 59.60 12.0 73.45 0 56.20 7.0 53.10 *58
40 62.70 12.0 76.50 0 58.70 7.0 55.00 *59
42 66.00 0 61.30 0 57.40 0
44 69.30 0 64.00 0 59.90 0
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TABLE XXX
DIFFERENCE EFFECT ON THE Zr-0 ALLOYS DISSOLVING IN
0.75 N HF - 1.00 N HCl ACID MIXTURES AT 25“ C
1.52% Oxygen 2.96% Oxygen 4.87% Oxygen 7.01% Oxygen
Area = 1.15 cm® Area = 1.30 cm® Area = 1.05 cm® Area = 1.04 cm® 
T = 28.1" C T = 29.4“ C T = 29.2“ C T = 27.6“ C 
P = 725.? ran Hg P = 737.6 non Hg P = 730.6 ran Hg P = 730.2 nm Hg
Time Volume Araneter Volume AraneCer Volume Ammeter Volume Ammeter 

























































































































































































































































DIFFERENCE EFFECT ON ZIRCONIUM DISSOLVING IN
0.25 N HYDROFLUORIC ACID AT 10° C
152
Area = 4.00 cm® 
T = 28.2° C 
P = 737.6 mm Hg
Time Volume dV Avg. dVg^p Ammeter I
mm® ma
min ml ml cm min ma
0 6.00 .  - • . • •
5 11.40 5.40 0
10 17.10 5.70 0
15 22.80 5.70 239.8 0
20 28.50 5.70 8.4
25 34.00 5.50 235.6 8.4 2.20
30 39.60 5.60 0
35 45.40 5.80 239.8 0
40 50.90 5.50 10.0
45 56.40 5.50 231.4 10.0 2.50
50 62.10 5.70 0
55 67.70 5.60 237.7 0
60 73.10 5.40 14.4
65 78.60 5.50 229.3 14.4 3.60
70 84.20 5.60 0
75 89.80 5.60 235.6 0
80 95.10 5.30 19.0
80 6.00 — --
85 11.40 5.40 225.1 19.0 4.75
90 17.00 5.60 0
95 22.50 5.50 233.5 0
100 27.80 5.30 20.4
105 33.10 5.30 223.0 20.6 5.13*
110 38.60 5.50 0
TABLE XXXI (continued)
153
Area = 4.00 cm® 
T = 28,2° C 
P = 737,6 mm Hg
Time Volume dV Avg. dVg^p Ammeter I
mm® ma
min ml ml cm^ min ma cm®
115 44.10 5.50 231.4 0
120 49.50 5.40 10.2
125 54.80 5.30 225.1 10.2 2.55
130 60.20 5.40 0
135 65.80 5.60 231.4 0
140 71.10 5.30 14.0
145 76.40 5.30 223.Q 14.0 3.50
150 81.90 5.50 0
155 87.30 5.40 229.3 0
160 92.40 5.10 17.5
165 97.70 5.30 218.8 17.5 4.38
165 6.00 -- - -
170 11.40 5.40 0
175 16.80 5.40 227.2 0
180 21,80 5,00 19.1
185 26.80 5.00 210.4 19.1 4.78
190 32.10 5.30 0
195 37.40 5.30 223.0 0
200 42.50 5.10 23.0
205 47.50 5.00 212.5 23.0 5.75*
210 52.90 5,40 0
215 58.10 5.20 223.0 0
^Average current density at zero external resistance (i.e., I^)
TABLE XXXII
DIFFERENCE EFFECT ON ZIRCONIUM DISSOLVING IN
0.25 N HYDROFLUORIC ACID AT 20° C
154
Area = 4.00 cm® 
T = 30.4° C 
P = 735.4 mm Hg
Time Volume dV Avg. dVg^p Ammeter I
mm® ma
min ml ml cm min ma cm®
0 6.00 -  - .  . .  . • -
5 13.10 7.10 0
10 20.40 7.30 0
15 27.70 7.30 302.2 0
20 34.90 7.20 9.0
25 42.10 7.20 298.1 9.0 2.25
30 49.40 7.30 0
35 56.70 7.30 302.2 0
40 63.90 7.20 11.0
45 71.00 7.10 296.0 11.0 2.75
50 78.30 7.30 0
55 85.50 7.20 300.2 0
60 92.50 7.00 15.8
65 99.60 7.10 291.9 15.8 3.95
65 6.00 — --
70 13.00 7.00 0
75 20.40 7.40 298.1 0
80 27.40 7.00 20.2
85 34.30 6.90 287.7 20.4 5.08
90 41.50 7.20 0
95 48.60 7.10 296.0 0
100 55.50 6.90 23.0
105 62.30 6.80 283.6 23.0 5.75*
110 69.40 7.10 0
TABLE XXXII (continued)
155
Area = 4.00 cm® 
T = 30.4° C 
P = 735.4 mm Hg
Time Volume dV Avg. dVg^p Ammeter I
mm^ ma
min ml ml cm^ min ma cm®
115 76.50 7.10 293.9 0
120 83.40 6.90 11.0
125 90.40 7.00 287.7 11.0 2.75
130 97.40 7.00 0
130 6.00 -- -- -- --
135 13.00 7.00 289.8 0
140 19.80 6.80 15.0
145 26.60 6.80 281.5 15.0 3.75
150 33.60 7.00 0
155 40.50 6.90 287.7 0
160 47.10 6.60 19.0
165 53.80 6.70 275.3 19.0 4.75
170 60.50 6.70 0
175 67.40 6.90 281.5 0
180 74.00 6.60 20.5
185 80.60 6.60 273.2 20.5 5.13
190 87.50 6.90 0
195 94.30 6.80 283.6 0
195 6.00 .  _ .  . .. -  .
200 12.50 6.50 25.9
205 18.90 6.40 267.0 25.9 6.48*
210 25.60 6.70 0
215 32.20 6.60 275.3 0
★Average current density at zero external resistance (l.e., I^)
TABLE XXXIII
DIFFERENCE EFFECT ON ZIRCONIUM DISSOLVING IN
0.25 N HYDROFLUORIC ACID AT 30° C
156
Area = 4.00 cm® 
T = 26.0° C 














0 6.00 • • . . - -
4 12.80 6.80 0
8 19.90 7.10 0
12 26.90 7.00 372.0 0
16 33.80 6.90 11.2
20 40.80 7.00 366.8 11.2 2.80
24 47.90 7.10 0
28 54.90 7.00 372.0 0
32 61.80 6.90 13.0
36 68.70 6.90 364.1 13.0 3.25
40 75.70 7.00 0
44 82.70 7.00 369.4 0
48 89.50 6.80 18.5
52 96.30 6.80 358.8 18.5 4.63
52 6.00 - - -- - - --
56 13.00 7.00 0
60 19.90 6.90 366.8 0
64 26.60 6.70 23.5
68 33.30 6.70 353.6 23.5 5.88
72 40.20 6.90 0
76 47.20 7.00 366.8 0
80 53.90 6.70 27.0
84 60.50 6.60 350.9 27,2 6.78*
88 67.50 7.00 0
TABLE XXXIII (continued)
157
Area = 4.00 cm® 
T = 26.0° C 
P = 731.0 mm Hg
Time Volume dV Avg. dVg.j,p Ammeter I
mm® ma
min ml ml cm min ma cm®
92 74.30 6.80 364.1 0
96 81.00 6.70 12.8
100 87.80 6.80 356.2 12.8 3.20
104 94.70 6.90 0
104 6.00 -- -- --
108 12.80 6.80 361.5 0
112 19.50 6.70 17.1
116 26.20 6.70 353.6 16.9 4.25
120 33.00 6.80 0
124 39.80 6.80 358.8 0
128 46.30 6.50 22.0
132 52.80 6.50 343.0 22,0 5.50
136 59.50 6.70 0
140 66.10 6.60 350.9 0
144 72.60 6.50 24.0
148 78.90 6.30 337.7 24.0 6.00
152 85.50 6.60 0
156 92.00 6.50 345.6 0
160 98.20 6.20 28.9
160 10.00 -- --
164 16.30 6.30 329.8 29.1 7.25*
168 22.90 6.60 0
172 29.30 6.40 343.0 0
^Average current density at zero external resistance (l.e., I )o
TABLE XXXIV
DIFFERENCE EFFECT ON ZIRCONIUM DISSOLVING IN
0.25 N HYDROFLUORIC ACID AT 40° C
158
Area = 4.00 cm® 
T = 26.4° C 
P = 732.7 mm Hg
rime Volume dV Avg. Ammeter I
mm® ma
min ml ml cm min ma cm®
0 6.10 m « ■ > «• —
3 13.10 7.00 0
6 19.90 6.80 0
9 26.70 6.80 478.5 0
12 33.40 6.70 11.0
15 40.10 6.70 471.5 11.0 2.75
18 46.90 6.80 0
21 53.70 6.80 478.5 0
24 60.30 6.60 13.8
27 67.00 6.70 468.0 13.8 3.45
30 73.80 6.80 0
33 80.50 6.70 475.0 0
36 87.20 6.70 18.6
39 93.70 6.50 464.4 18.6 4.65
39 6.00 -- - -
42 12.80 6.80 0
45 19.50 6.70 475.0 0
48 26.00 6.50 24.0
51 32.50 6.50 457.4 24.0 6.00
54 39.10 6.60 0
57 45.80 6.70 468.0 0
60 52.10 6.30 28.1
63 58.60 6.50 450.4 28.0 7.01*
66 65.20 6.60 0
TABLE XXXIV (continued)
159
Area = 4.00 cm® 
T = 26.4° C 
P = 732.7 mm Hg
Time Volume dV Avg. dVg^j, Ammeter I
mm® ma
min ml ml cm min ma cm®
69 71.80 6.60 464.4 0
72 78.30 6.50 12.2
75 84.80 6.50 457.4 12.2 3.05
78 91.40 6.60 0
81 98.00 6.60 464.4 0
81 6.00
84 12.50 6.50 17.5
87 18.90 6.40 453.9 17.5 4.38
90 25.40 6.50 0
93 31.90 6.50 457.4 0
96 38.30 6.40 24.0
99 44.50 6.20 443.3 24.0 6.00
102 51.00 6.50 0
105 57.40 6.40 453.9 0
108 63.60 6.20 27.4
111 69.90 6.30 439.8 27.5 6.86
114 76.40 6.50 0
117 82.80 6.40 453.9 0
120 89.00 6.20 33.0
123 95.20 6.20 436.3 33.5 8.31*
123 6.00 --
126 12.40 6.40 0
129 18.80 6.40 450.4 0
★Average current density at zero external resistance (l.e., I^)
TABLE XXXV
DIFFERENCE EFFECT ON ZIRCONIUM DISSOLVING IN
0.25 N HYDROFLUORIC ACID AT 50° C
160
Area = 4.00 cm® 
T = 30.2° C 
P = 732.1 mm Hg
Time Volume dV Avg. dVg.j.p Ammeter I
mm ma
min ml ml cm^ min ma cm®
0 6.00 _ ^
3 14.40 8.40 0
6 22.60 8.20 0
9 30.80 8.20 563.8 0
12 38.90 8.10 11.4
15 47.00 8.10 556.9 11.4 2.85
18 55.20 8.20 0
21 63.40 8.20 563.8 0
24 71.40 8.00 14.0
27 79.50 8.10 553.4 14.0 3.50
30 87.60 8.10 0
33 95.80 8.20 560.3 0
33 6.00 . . . —
36 14.00 8.00 19.0
39 22.00 8.00 550.0 19.0 4.75
42 30.10 8.10 0
45 38.20 8.10 556.9 0
48 46.10 7.90 24.8
51 54.00 7.90 543.1 24.9 6.21
54 62.10 8.10 0
57 70.10 8.00 553.4 0
60 78.00 7.90 31.2
63 85.70 7.70 536.3 32.4 7.95*
66 93.80 8.10 0
TABLE XXXV (continued)
161
Area = 4.00 cm® 
T = 30.2° C 
P = 732.1 mm Hg
Time Volume dV Avg. dVg.j,p Ammeter I
mm® ma
min ml ml cm min ma cm®
66 6.00 -
69 14.00 8.00 553.4 0
72 21.90 7.90 12.5 3.13
75 29.80 7.90 543.1 12.5
78 37.80 8.00 0
81 45.70 7.90 546.6 0
84 53.40 7.70 18.0
87 61.20 7.80 532.8 18.0 4.50
90 69.10 7.90 0
93 76.90 7.80 539.7 0
96 84.60 7.70 25.5
99 92.10 7.50 522.5 25.5 6.38
102 99.70 7.60 0
102 6.00 -- — — --
105 13.90 7.90 532.8 0
108 21.50 7.60 29.0
111 29,10 7.60 522.5 29.0 7.25
114 37.00 7.90 0
117 44.90 7.90 543.1 0
120 52.50 7.60 36.8
123 60.00 7.50 519.1 36.8 9.20*
126 67.80 7.80 0
129 75.60 7.80 536.3 0
^Average current density at zero external resistance (i.e., I^)
APPENDIX E
162
I. CALCULATION OF THE ACTIVATION ENERGY
The data for these calculations are summarized in Tables XXXVI
apd XXXVII, pages 165 and 166, The products and summations of the
4ata for the least squares treatment have been made and are shown in
Table XXXVIII, page 167. In the sample calculation of the activation
energy for a 95% confidence interval given below, the data for the 1.52%
oxygen alloy has been used.
The Arrhenius equation may be written:
log k = log A + ( - E /RT ) log ea
which is of the form;
y a a + bx
where,
y a log k 
X a 1/T 
a a log A
b a ( - E /R ) log e a
By the method of least squares: 
b'
nix® - ( Ixj^)®
Since temperatures of 10, 20, 30, 40, and 50“ C were used for each 
activation energy determination, values common to all calculations 
will be:
2x^ a 33.054 X 10"®
Ex® a 109.49554 x lO"®
163
For the 1,52% oxygen sample:
. , a O U 1 8 . 813410 X IQ-®) - (33,054 x 10'®) (5,757) 
(10)(109.49554 x 10'®) - (33.054 x 10 ®)^
a -903.4
An estimate of the variance of the values is given by: 
P S(v®) - b'®S(x®)8^<X a - *---- ----- »---'y n - 2






a 3.509323 - = 0.195018
S(x®) a
- 3\2





0.195018 - (-903.4)®(0.238850) 
1 0 - 2
a 10.625 X 10"®
10^625. X, ip.-l„ ^
0.2338850 x 10“®
8^ a (44.48)^ a 6.67




' ■ ^0.05.8 “b - (2-31H6.67) - 15.4
b' - e < b < b '  + e
-903.4 - 15.4 < b < -903.4 + 15.4 
-918.8 < b < -888.0
Therefore, for a 95% confidence interval, 
b a -903.4 ± 15.4
and.
E a - bR/log e A
- -(-903.4 ± 15.4)(1.987)/(O.4343)
4,133 ± 70 cal/mole





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































II. CALCULATION OF K FOR THE DIFFERENCE EFFECT
The data for these calculations are from the Table XIV, 
page 66 , and are for the 4.04% oxygen sample. The products and 
suinnations of the data for the least squares treatment have been 
included in the tables of the experimental chapter.
El A  47,770.826
K' a --^  a ------------ a 7.60
El® 4,978.2041
A. I




EAf - --- ^
n - 1
(47.770.826)®
4 ,9 7 8 .2 0 4 1
a 14 0 .0
2 0 - 1
*A.I ’
h 9 ,0 .0 5  "
(EI®)^ = (4978 .2041)^  a 70 .56
_ *^19.0.05 °A.l




K' - e < K < K ’ + e 
9 .6 0  -  0 .3 5  < K < 9 .6 0  + 0 .3 5  
9 .2 5  < K < 9 .9 5
Therefore, for the 95% confidence interval, 
K a 9.6 ± 0.4
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